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ABSTRACT
P a r t  One d esc rib es  experim ents c a r r ie d  out on an e l e c t r i c a l l y  hea ted  
s in g le  c y lin d e r  mounted normal to  the a irs tre a m  in  a c lo sed  j e t  wind tunnel 
w ith  a square working se c tio n .
Comparison of the r e s u l t s  w ith  p rev ious work re v e a ls  se rio u s  
d isc re p a n c ie s , (+20 b^, -hO^o), and these  could not be accounted f o r  by 
tu rbu lence in  the a irs tream .
I t  i s  suggested th a t  the d isp e rs io n  of the r e s u l t s  i s  due to  the 
e f f e c ts  of the flow boundaries. A fte r  supporting th i s  hypothesis  w ith  flow 
measurements the e x is t in g  r e s u l t s  a re  c r i t i c a l l y  examined and a new c o r re la ­
t io n  p resen ted  which in c lu d es the geometry of the s e t-u p .
An equation  i s  given which c o r re la te s  sev e ra l w orkers r e s u l t s  to  
w ith in  — 10^-.
P a r t Two d esc rib e s  experim ents on fin n ed  c y lin d e rs .
The f i r s t  of th ese  i s  a c y lin d e r  of d iam eter 2 in ,  to  which are 
so ldered  co n cen tric  f in s  4  in .  d iam ete r, in ,  th ic k , y  in .  p i tc h .
I t  i s  shown th a t  provided the r e s u l t s  a re  ev a lu a ted  in  a p a r t ic u la r  
way, the  th e o re t ic a l 'e q u a tio n  f o r  the  conduction through the f in s  agrees 
c lo s e ly .
A fte r  a dim ensional a n a ly s is  of th e  problem, the r e s u l t s  of the 
re se a rc h  are  c o r re la te d  w ith  those of p rev io u s re sea rch es  on n ine d i f f e r e n t  
f in n e d  c y lin d e rs .
Experiment s in  which the  shape of the f in s  was changed a re  then
d esc rib ed . I t  i s  shown th a t  by removing m a te ria l from the  r e a r  of th e  f in s ,  I 
t h e i r  performance can be improved. p
' I
. T ests  are  rep o rted  which were c a r r ie d  out on a c y lin d e r  w ith  e c c e n tr ic  |  
f in s .  These f a i l  to  support the id ea  th a t  such a c y lin d e r  would give b e t t e r  ^
■ Ph ea t t r a n s f e r  th an  one w ith  co n cen tric  f in s .
F u rth e r t e s t s  on the c y lin d e r  whose f in s  were m odified re v e a l th a t  !J
\ <• 1 }
: t;
two s ta t e s  of flow can e x is t  over the f in s .  One of th ese  r e s u l t s  in  an ;j
in c re a se  o f  12^ 6 in  the  h ea t t r a n s f e r .  The e f fe c t  i s  examined ex perim en tally  \\
it
and suggestions to  account f o r  i t  a re  subm itted. ;i
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NOTATION
Except where i t  i s  s ta te d  o th erw ise , the symbols used in  th i s  
th e s is  have the meaning given below. Where more than  one meaning i s  
p o ss ib le  i t  i s  u su a lly  c le a r  from the  co n tex t which i s  in tended  -  i f  
n o t, the  symbol i s  d efin ed  in  the t e x t ,  (a s  a lso  are  a l te rn a t iv e  u n i t s ) .
A ,- a re a , f t .
a , c o e f f ic ie n t  o f volum etric  expansion.
c , a co n sta n t.
o J s p e c if ic  hea t a t  co n s tan t p re s su re , B tu /lb .°P
D > w idth o f wind tu n n e l, f t .
a  , d iam eter, f t . ; d ^  a t  base of f in ,  a t  edge o f f in .
E , em iss iv ity  f a c to r .
e > base of n a tu ra l  lo g arith m s.
f > "some fu n c tio n " .
g , a c c e le ra tio n  due to  g ra v ity  f t . / h r .
H , h ea t t r a n s f e r  r a t e ,  B ti^/hr. ; through base of f in .
2 oh ea t t r a n s f e r  c o e f f ic ie n t ,  B t t / f t .  h r .  P .
n* m odified B essel fu n c tio n  of th e  f i r s t  k ind , o rd e r  n .
m odified B essel fu n c tio n  of the second k in d , o rd er n .
k > therm al c o n d u c tiv ity , B t u , / f t .h r . ° P .
, le n g th , f t .
m , a co n stan t ; a lso  as a b b re v ia tio n  fo r  " m il l i" .
P , e l e c t r i c a l  power, u n i t s  as s ta te d .
P ,
2p re s su re , l b / f t ,  ; p 0 a t  i n f in i t y .
Q , s tre n g th  o f l in e  source ; h ea t t r a n s f e r  p e r  fo o t len g th
of p ipe  ; B tu / f t .h r .
r e s is ta n c e  to  h ea t flow , h r . f t . / B t u .
XI
r a d iu s ,  f t .  ; ^  of cy lin d e r; a t  base o f f in ;
'yJ  a t  edge of f in .
s , space between f in s ,  in .
T , abso lu te  tem perature , °R.
t  , tem perature , °F ; t g of su rfac e ; t a of a i r ;  t ^ f  mean film ;
t ^  w eighted mean of f in ;  t-  ^ a t  base of f in  ; a lso  the
complex number t  -  §  +-
, a s u b s t i tu t io n ,  = ‘t"'
V, v , v e lo c i ty ,  u su a lly  g iven  here  in  f . p . s .
o c , th ic k n e ss , f t .
:>c, y , co o rd in a tes .
z , the complex number z = DC + iy .
cX. , ang le , degrees,
^  , e m iss iv ity .
0  , tem perature d if fe re n c e , °F ; 0 b a t  base of f i n  ; 0 |_ a t  t i p
o f f in ;  0 kv w eighted mean; a lso  the angle in  p o la r  coordinates.
(ul. , dynamic v is c o s i ty ,  l b / f t . h r .  ; s tre n g th  of doublet ; a lso  used
I as an ab b rev ia tio n  f o r  "m icro",
\ )  , k inem atic v is c o s i ty ,  f t ? / h r .  ; = [ ^ /p
jO , d e n s ity , lb /ft"?
G~ , S tefan-Boltzm ann co n s tan t = 0.173 X 10~®
<T , tim e, h r .
Cjb 9 v e lo c i ty  p o te n t ia l  ; e f f ic ie n c y  of f i n s ,
stream  fu n c tio n .
< dummy symbol. 
^  , co o rd in a tes ,
G-r , G-rashof nuniber = (XQ X j
N usselt number = ^ / i - C  , a b b rev ia tio n  used fo r
convection  only.
P e c le t number = R e.Pr,
P ra n d tl number = Ul
Reynolds number = V j |^.
INTRODUCTION.
I f  a s in g le  c y lin d e r  i s  immersed in  a f lu id  flow ing a t  r ig h t  ang les 
to  i t s  a x is  and i f  the  tem peratures of the  cy lin d e r and f lu id  are  d i f f e r e n t ,  
then one of the  fundam ental problems of h ea t t r a n s f e r  p re se n ts  i t s e l f .  The 
problem has many a p p lic a tio n s  and has rece iv ed  co n stan t a t te n t io n  from the 
time when in te r e s t  was f i r s t  aroused in  t h i s  f i e ld  r ig h t  up to  the p re sen t 
day*
In  many a p p lic a tio n s  i t  happens th a t  th e  g re a te s t  p a r t  of the  o v e ra ll 
re s is ta n c e  to  h e a t flow i s  encountered between the  cy lin d e r and the 
surrounding f l u i d ,  e .g .  when w ater flow ing in s id e  a tube i s  used to  warm o r 
cool a i r  flow ing around the o u ts id e  of the tube. Under th ese  circum stances 
th e re  are two main ways of in c re a s in g  the o v e ra ll  h ea t t r a n s f e r  :
a ) by in c re a s in g  the a i r - s id e  h e a t t r a n s f e r  c o e f f ic ie n t ,
b )  by in c re a s in g  the su rface  a re a  on the a i r - s id e .
The f i r s t  m aybe achieved by c re a tin g  tu rbu lence o r super-tu rbu lence  
in  the a ir -s tre a m . This o f te n  proves e i th e r  inadequate o r  too c o s tly , and 
so the more u su a l method i s  the second, the a i r - s id e  su rface  a rea  being  
in c reased  by adding f in s  o r sp ines to  the  su rfac e .
I t  i s  a t  th ese  problems th a t  the p re sen t re se a rc h  i s  d ire c te d .
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C H A P T E R  I
T h e o re tic a l Work,
The d i f f e r e n t ia l  equations f o r  the  flow  of h ea t through a f lu id  were 
f i r s t  given by F o u rie r  in  1820 and the fundam ental equation  was l a t e r  pu t 
in to  the more convenient form of equation  1*1 (below) by Poisson*
coo ling  of a heated  body in  a stream  of f lu id  and p resen ted  the  so lu tio n s  to  
sev era l problem s, one of which was the coo ling  of a c i r c u la r  cy lin d e r  in  a 
stream  flow ing normal to  i t s  a x is .  These p ro o fs  were g iven  in  f u l l  s h o r t ly  
afte rw ards by R u sse ll ( 89 ).
I n  d e riv in g  the b a s ic  equation  f o r  the h e a t flow  i t  i s  u su a l to  assume 
th a t  the f lu id  i s  incom pressible and to  n eg lec t i t s  v is c o s i ty .  As f a r  as 
the h ea t flow  i t s e l f  i s  concerned, th i s  i s  in  e f f e c t  to  n eg lec t the  work done 
by an element of f lu id  on i t s  surroundings when i t s  volume changes and to
ig n o re  the work done on the element by the su rface  t r a c t io n s ,  i . e .  to  neg lec t
the h ea t generated  by f r i c t i o n .  I f  a h ea t balance  i s  then  drawn up fo r  an/
elem entary p a ra lle le p ip e d  of f lu id ,  the  fo llow ing  equation  i s  ob ta ined  fo r  
the  ten p e ra tu re  d is t r ib u t io n  ,
in  which the  therm al co n d u c tiv ity  and s p e c if ic  h ea t are  assumed to  be constan t
B oussinesq (16 ,17) was the f i r s t  to  s ta te  c le a r ly  the laws r e la t in g  to  the
( 1 . 1 )
and denotes the s u b s ta n tia l  d e r iv a tiv e  of v? o rvj ■ 1
the  d e r iv a tiv e  o f 0 1 fo llow ing  the  motion of the  flu id*  •
 as Stokes c a lle d  i t ,
For the case of two-dim ensional m otion, when the tem peratures in  the
f lu id  have become steady th i s  equation  reduces to
/ o c | v x . ^  =  \ . v  e  ...................................... (1 . 2 )
Before th i s  equation  can be solved the flow  p a t te rn  must be known. 
Here the f a c t  th a t  the v is c o s i ty  has been neg lec ted  means th a t  the  f lu id  
w i l l  be in  p o te n t ia l  motion and t h i s ,  combined w ith  the f a c t  th a t  the motion 
i s  tw o-dim ensional, g re a tly  s im p lif ie s  the c a lc u la t io n .
In  the theory  of two-dim ensional p o te n t ia l  flow , the stream  fu n c tio n  
y /  and the  v e lo c ity  p o te n t ia l  (fi are  r e la te d  by the  equations
<x~\d- _  _  "hk
dx 04- du- ix
These equations a lso  a r is e  in  the theo ry  of fu n c tio n s  of a complex 
v a r ia b le ,  where they  are  known as the Cauchy-Riemann equations and express a 
necessary  co n d itio n  fo r  one complex number k /-. to  be an
a n a ly tic  f u r c t i 'n  of an o th er, Z =• DC 4- i  Ij, . For th i s  reaso n , c e r ta in  
b a s ic  flow p a t te rn s  may be formed in  the  Z -p lane from a sim ple r e c t i l in e a r ' 
flow  in  the  ^  -p lane by form ing a su ita b le  re la t io n s h ip  of th e  form
k J = f (z )
More com plicated  p a t te rn s  may then  be b u i l t  up by superim posing these b a s ic  
fu n c tio n s .
The r e la t io n s h ip  which g ives the  <f>'^ l in e s  fo r  the flow  around a 
c i r c u la r  cy lin d e r  ra d iu s  ^  in  a stream  flow ing w ith  a v e lo c ity  Ve> i s
W = VQ/ z  +
I f  now a s im ila r  r e la t io n s h ip
t  _ V0/ z  + ^A z
i s  used to  transform  th i s  p a t te r n  on to  a  f re s h  C = + 1 1 1  p lan e , th e
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flow  l in e s  become those fo r  a f l a t  p la te  p a r a l l e l  to  the flow extending from
2 to = 2 r a .
This tran sfo rm atio n  i s  used to  reduce the problem of the h ea t t r a n s f e r  
by fo rced  convection from a c i r c u la r  c y lin d e r  to  the e a s ie r  problem of a f l a t  
p la te*  Under the tran sfo rm atio n , equation  1.2 becomes
3 03€ H .
where k
Boussinesq s im p lif ied  t h i s  equation  f u r th e r  by arguing th a t ,  s ince
f lu id s  a re  u s u a lly  poor conductors o f h e a t,
3 , 8 / a n  2
w ill  be sm all
compared w ith  1 
then 30
and may be n eg lec ted . H is s ta r t in g  equation  was
k . I f
B oussinesq found a so lu tio n  fo r  the  whole f i e ld  of flow . I f  only 
the h ea t t r a n s f e r  i s  re q u ire d  and no t the tem perature d i s t r ib u t io n  in  the 
f lu id ,  a s o lu tio n  which ho lds in  the range ~  '2c0 <i ^  <Z *2. i s  s u f f ic ie n t .  
In  t h i s  case i t  i s  easy  to  see ( f ig .  1 .2 ) th a t  the tem perature d is t r ib u t io n
along a l in e i s  the same as th a t  in  a s e m i- in f in ite  rod  whose end
has been m aintained a t  the su rface  tem perature B0 f o r  a time
<T = +  g  i
and the  so lu tio n  may be b u i l t  up from the ''p o in t source" so lu tio n
^ 2
, A k/cpT“U =■ JL.  & r
I t  i s
e _ & • dC (1 .4 )
o
5 .
The r a t e  of h ea t t r a n s f e r  a t  each p o in t on the  p la te  i s
p e r  u n i t  le n g th
V A i = o
From 1.4
=  k . ( n )
\ k * o
1 ® =  e 0 .
2>n
y 2 { H ( a r 0 + %)
2 C . e  . c IC .
O
&  2 / 1 7 f l r 0 + S T
Hence
3 6  
U l / n
a
o
C p V io
■n k . i r 0 +
%
(1 -5 )
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Thus the h ea t t r a n s f e r  from b o th  s id es  of the  p la te ,  and th e re fo re  
from the  cy lin d e r  i s  Q r
I--------------  — f
d  cH _ 2.6n / k  c p Vo L <^X.+ f  )V:
- 2r„
_  % I k  c  j o  Vo 'Q
1X
This i s  the B oussinesq Formula. I t  i s  r e s t r i c t e d  however by the  f a c t  
th a t  in  equ a tio n  1.3 the term A % | * was n eg lec ted ;, the e f fe c t  of t h i s  
can be seen from equation  1.5  which shows th a t  a t  the le a d in g  edge of the 
p l a t e , '  ^  —-~2'C0 9 the  h ea t t r a n s fe r  i s  i n f i n i t e .
. 0 Q A e z
In  1914* King (58) gave a s o lu tio n  of eq u a tio n  1.3 in  which * /  0 S
i s  no t .neglected* This so lu tio n  i s  along the fo llow ing  l in e s .
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W ilson ( 106) had e a r l i e r  shown th a t  the tem perature d is t r ib u t io n  in  
a f  l u i d . flow ing p a s t  a l in e  source of s tre n g th  Q  h ea t u n its  p e r  u n i t  time 
u n i t  len g th  s i tu a te d  a t  the o r ig in  i s  given by
6 _  . <2^ .  K 0  ( n ............... ................... ( 1. 7 )
where ^
f t
C Vo
k
King suggested th a t  the f l a t  p la te  could  be rep laced  by a continuous 
d is t r ib u t io n  of l in e  sources# Suppose th a t  th i s  d is t r ib u t io n  s tr e tc h e s  from 
^  — 0  to  5  — § 0 and l e t  the  s tre n g th  of an elem entary p o r tio n  
d i s ta n t  ^  , from the o r ig in  be . Then the increm ent of
tem perature a t  any p o in t \ due to  th is  elem ent i s ,  by equation  1*7
and th e  t o t a l  tem perature i s
6 ( C V ) =  J _ 5 f f  ( ? , ) . f t  J r ] z + )
2 'trfc J0
The boundary co n d itio n  a t  ^  O  i s
( 1 . 8 )
o
There are  now two a l te r n a t iv e s .  E ith e r  the tem perature d is t r ib u t io n  
along the  boundary 0 (C j^ )  W  he f ix e d  and the  v a r ia t io n  in  source-  
s tre n g th  j~(^>\) c a lc u la te d , o r v ic e -v e rsa . In  b o th  cases  the t o t a l  hea t 
flux: w i l l  be given by £
H
L
( ? . )
-JQ
King found th a t  the so lu tio n  which gave b e s t  agreement w ith  h is  
experim ental r e s u l t s  was th a t  where the  h ea t f lu x  was assumed co n s tan t over
8 .
the  boundary. For th i s  case he showed th a t
H‘ =  2 - r r k  6 n .
L  n ? ° f * u  K 0 ( v ) d u .
He ta b u la ted  the  fu n c tio n  3c ^  (bt) d u  . and found th a t
'  Jo ' °
i t  was of an asym ptotic n a tu re . For h ig h e r values of the  v a r ia b le , ( th o se  
corresponding to  h is  experim ents) the  curve l i e s  very c lo se  to  i t s  asymptote
-  \  _ l  /  X  •
■  m
and f o r  low er v a lu es , (corresponding  to  v e lo c i t ie s  of the  o rder of th o s e - 
encountered in  f re e  co n v ec tio n ), an approximate value i s  g iven  by
/^L _______  ' _________ where V  i s  Euler* s
0  — ^  — co n stan t = 0.5771
Hence the  so lu tio n s  become
|j| 2 ^  ■ k - • (low v e lo c i t ie s )
L  =  U ,  l c e ' - y .............................. ...... (1 ‘9)
c<=>v0
C U u i  _  k ©0 +  2 0 ' J k C p V / o  . (h ig h e r  v e lo c i t ie s )
I   ( 1 . 10)
The checking of these  th e o re t ic a l  r e s u l t s  by experim ents i s  a t  f i r s t  
s ig h t a form idable ta s k ,  owing to  th e  la rg e  number of v a r ia b le s  invo lved .
In  th ese  circum stances i t  i s  now u su a l to  employ the  method of dim ensional 
a n a ly s is  which a rran g es  the  v a r ia b le s  in to  a sm aller number of d im ensionless 
groups o r numbers. F or the g en era l problem  of convection  in  g eo m etric a lly  
s im ila r  systems the  r e s u l t  which i s  ob ta ined  i s
y
k. -  f  ( ' >  cf  ’ -a^ ‘ }
the  dim ensionless groups being known as (read in g  from l e f t  to  r i g h t ) ,  the  
N u sse lt,  Reynolds, P ra n d tl and Grashof numbers* I t  i s  u sual to  ab b rev ia te  
th ese
The Gr i s  a number which allow s f o r  f re e  convection  e f fe c ts  due to  
buoyant fo rces  a r is in g  from  changes in  d e n s ity . I n  fo rc e d  convection these 
may u s u a lly  be n eg lec ted  and the equation  becomes
The Nu i s  the r a t io  of th e  a c tu a l h ea t t r a n s f e r  and th a t  which would 
be ob tained  i f  th e re  were no m otion, i . e .  in  a s o lid .  • The s ig n if ic a n c e  of 
the  Re and the  P r  w i l l  be d iscu ssed  l a t e r .
I t  i s  easy to  show th a t  the th e o re t ic a l  r e s u l t s  above correspond 
w ith  the  d im ension less equation  1,13,  in  fact the B oussinesq equation
Nu (1. 12)
(1 .1 3 )
becomes
( i .1 4 )
and the  second of King1 s eq u a tio n s  (eq u a tio n  1 .10) becomes
These r e s u l t s  w il l  be compared w ith  experim ental r e s u l t s  in
C hapter 3»
10.
C H A P T E R  I I
Survey of P rev ious Experim ental Work.
The e a r l i e r  work on the h ea t lo s s  from a c i r c u la r  c y lin d e r  in  fo rced  
convection  arose from the general problem of measuring the v e lo c ity  of an 
a ir~ stream  in  aerodynamic work. I t  was r e a l is e d  th a t  i f  the  h ea t lo s s  from 
an e l e c t r i c a l l y  heated  w ire could be r e la te d  to  the v e lo c i ty  of the stream  
of a i r  in  which i t  was s i tu a te d ,  a very  sim ple and accu ra te  anemometer could 
be c o n s tru c ted . E arly  experim ents showed th a t  the measured q u an tity , the 
h e a t d is s ip a te d , was p ro p o rtio n a l to  the square ro o t of the  v e lo c ity . This 
was considered  a  recommendation f o r  the h o t-w ire  anemometer as ag a in s t the 
s tandard  p i t o t - s t a t i c  tube in  which the measured q u an tity  i s  p ro p o rtio n a l 
to  the square of the v e lo c i ty ,  e s p e c ia lly  a t  low speeds.
One of the s tandard  item s developed f o r  aerodynamic re se a rc h  i s  the 
w h irlin g  arm and i t  i s  n a tu ra l  th a t  th i s  should be used in  the h ea t t r a n s fe r  
experim ents.
In  1909, K ennelly, W right and van B y lev e lt (9 7 ), c a r r ie d  out experim ents 
on the f re e  and fo rced  convection  from sm all w ires  of d iam eters 0,004 i n . ,  
0 ,00 (d3 i n . ,  and 0.008 in .  F or the  fo rced  convection  work the  w ires  were 
mounted in  a fo rk  on an arm which ro ta te d  about a v e r t ic a l  a x is .  The h ea t 
convected away was measured by the e l e c t r i c a l  power req u ired  to  keep the 
w ire a t  a co n s tan t tem perature. The v o lt-d ro p  was measured ac ro ss  a le n g th  
of the  w ire by le ad s  welded on some d is tan ce  from  the ends, in  o rd e r to  
e lim in a te  e n d -e ffe c ts ,  and th e  tem perature was c a lc u la te d  from  the  known
11.
tem perature c o e f f ic ie n t  of the w ire and the measured re s is ta n c e . A fte r 
c o r re c tin g  f o r  r a d ia t io n  th e  r e s u l t s  were expressed by a r e la t io n  of the  
form
P = C. 6  o v2 abwatts/cm.
where 0  i s  measured in  °C and v in  cm ,/sec .
The fo llow ing  average values fo r  th e  constan t G were given :
Wire d ia . 0 .004 in . O.OO63 in* 0*008 in .
0 884 1212 1475
In  the course of developing a h o t-w ire  anemometer, M orris (72) 
pub lished  in  1912 the r e s u l t s  of an in v e s tig a tio n  of convection lo s s  from a
O
f in e  p latinum  w ire . He p re sen ted  h is  r e s u l t s  as a p lo t  of (power) a g a in s t 
the  v e lo c i ty  as measured by a p i t o t  tube and showed th is  to  be a s tr a ig h t  
l i n e .  I n  the fo llow ing  y e a r , he pub lished  a paper (73) d esc rib in g  the use 
of h is  anemometer to  examine the flow  round a c i r c u la r  c y lin d e r .
In  1912, Langmuir ( 64) p u b lish ed  a paper c r i t i c i s i n g  the g eneral 
assum ptions made in  d ea lin g  w ith  convection  problem s. In  p a r t ic u la r ,  he 
d is l ik e d  the assum ption th a t  v is c o s i ty  e f f e c ts  were n e g lig ib le  and d isagreed  
w ith  Kennelly* s sta tem ent th a t  the h ea t lo s s  by conduction through the a i r  
was n eg lig ib le*  ECe proposed th a t  i n  f re e  convection  a c y lin d e r  i s  
surrounded by an alm ost, s ta t io n a ry  f ilm  of a i r  and th a t  a l l  the  h e a t lo s s  i s  
by conduction through th is  f ilm . This theory  he developed and ap p lied  w ith  
success to  experim ents he had c a r r ie d  out h im se lf , and l a t e r  to  those  of 
K ennelly oh f re e  convection . Subsequently , however, he found th a t  i t  would 
n o t apply to  fo rced  convection and recommended th a t  the  B oussinesq equation  
be used m u ltip lie d  by ” a f a c to r  of ^  fo r  sm all w ires  and a f a c to r
12.
approaching 1 f o r  la rg e  cy lin d e rs  ", I t  i s  from Langmuir* s work th a t the 
idea of mean f ilm  ten p e ra tu re  has developed,
The experim ents of Kennelly e t  a l  in  1909 were c a r r ie d  out in  
ignoranoe of the ex is ten ce  of the B oussinesq formula* In  1914* having seen 
the form ula, K ennelly and Sanborn (5-6) performed experim ents to  v e r ify  the 
dependence of the h ea t t r a n s f e r  on the square ro o t of the p re ssu re . Follow-* 
ing  M orris, they  f i r s t  p lo t te d  ( p /0  ) ag a in s t v , and found th a t  th i s  gave 
a s t r a ig h t  l in e  between p re ssu re s  o f 1 and 2*8 megabars* From th e i r  r e s u l t s  
they  deduced a form ula
■ P » 0 /p O  ( v + v q ) abw atts p e r  cm.
where the u n i t s  are  as b e fo re  w ith  p in  megabars and v q a v i r tu a l
v e lo c i ty ,  appearing from  th e i r  o b serv a tio n s  and graphs to  be about 30 cm, p e r 
s e c . , and a t t r ib u ta b le  to  f re e  convection  e f f e c ts .
I n  th e  d iscu ss io n  which follow ed th e  read ing  of t h e i r  p aper, the 
a u th o rs  were c r i t i c i s e d  on the  system of u n i ts  they had used #
Probably  th e  most im portant and comprehensive experim ents c a r r ie d  out 
around th i s  time were those of King (38) in  1914. The th e o r e t ic a l  work has 
a lread y  been discussed* King* s experim ental technique was s im ila r  to  
Kennelly* s ,  b u t th e  work was done very  ca re fu lly *  C orrec tion  was made fo r
th e  v e lo c ity  of sw irl caused by the  vortex  genera ted  by the sw irlin g  arm, and
c a lc u la tio n s  were made to  examine the lo s se s  due to  ra d ia t io n  and conduction 
away from the  w ire along the  v o ltag e  leads* King proposed the form ula
H = B VA F  + C 
where B and C are  fu n c tio n s  of the tem perature and dim ensions of the
w ire .
j15
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T h e .f i r s t  experim ents to  be c a r r ie d  out on la rg e  cy lin d e rs  were those 
perform ed by Hughes (48) in  1916. The cy lin d e rs  were of copper and ranged 
from 0,433 cm, diam eter to  5.06  cm, d iam eter With one e x tra  one o f d iam eter 
13.3 cm. These were mounted v e r t ic a l ly  in  a w ind-channel 3 f t ,  0 in , 
square and heated  by steam generated  a t  atm ospheric p re ssu re  in  a b o i le r  
mounted on top of the tu n n e l. A fte r  a steady  tem perature had been reached , 
the w eight of w ater which condensed in  the cy lin d e r  gave th e  hea t lo s t  by 
convection  and r a d ia t io n .
No means was provided to  ensure th a t  the  steam v*ras s l ig h t ly  super­
h ea ted  and th e  tube tem perature was assumed to  be th a t  of the condensing
steam. The wind tunnel was c a l ib ra te d  using  a p i t o t  tube and s t a t i c  tube 
of ^  in . 'd ia m e te r  g la s s  tu b in g  - connected to  a 2 in ,  diam eter tube w ate r- 
gauge. Readings were taken w ith  a microscope measuring to  0,01 mm. Large 
o s c i l la t io n s  of the  le v e ls  in  th e  gauge were damped out in  e a r ly  experim ents 
by  l ig h t ly  p lugging  the tubes w ith  co tto n  wool, and avoided in  l a t e r  ex p e ri­
ments by u sin g  th ic k  p a ra f f in  'in. the gauge in  p lace  of water* A tra v e rse  
was made ju s t  upstream  of the c y lin d e r  and the mean v e lo c ity  (c a lc u la te d  
from the mean of the v e lo c ity  heads) was p lo t te d  a g a in s t the read in g  of the 
p i t o t  tube when p laced  a t  the c e n tre  of the tu n n e l,
Hughes p re sen ted  the formula 
H = Kvn
and found th a t  n  in c reased  from about ■§• fo r  sm all cy lin d e rs  to  n e a r ly  1
f o r  la rg e  ones. At co n stan t v e lo c ity  he found
0H oC d f o r  a l l  v e lo c i t ie s .
T ests  were a lso  c a r r ie d  out on a stream lined  cy lin d e r  w ith  f i r s t  the 
b lu n t end and then  the sharp edge p o in tin g  upstream . The h ea t lo s s  was
13.
g re a te r  when the b lu n t edge faced  upstream  and was then s l ig h t ly  g re a te r  than 
f o r  a c i r c u la r  tube of the same surface  a rea  and much g re a te r  than fo r  one 
of the same w idth  p e rp en d icu la r to  the stream . A f l a t  s t r i p  was l a t e r
p laced  in  f ro n t  of these c y lin d e rs  a t  r ig h t  ang les to  the stream , (th u s
c re a tin g  su p e r-tu rb u len ce ), and th e re  was a marked in c rease  in  h ea t t r a n s f e r .
In  1917, work by W orthington and Malone (107) was rep o rted  on the ' 
h e a t t r a n s f e r  from a 0,256  cm. d iam eter w ire to  w ate r. The method used was 
a w h ir lin g  arm and they  p resen ted  the  formula
P =3 0.031 0  v2 w atts/cm ,
where 0  i s  in  °C, and v ( i n  c m ,/sec .)  i s  to  include a v i r tu a l
v e lo c i ty  of 1,15 cm ./sec . due to f re e  convection e f f e c t s .  No allowance 
seems to  have been made fo r  sw irl v e lo c ity .
U n til  th i s  tim e, no-one seems to  have responded to  R ayleigh1s (83) 
c a l l  f o r  more use of dim ensional a n a ly s is ,  d e sp ite  the  f a c t  th a t  he had 
shown the a n a ly s is  f o r  fo rced  convection in  a paper p u b lish ed  in  1915*
This was p o s s ib ly  due to  the  i n i t i a l  p reoccupation  in  the design  of h o t-w ire  
anemometers.
I t  was l e f t  u n t i l  1920, when Davis (22) w rote a paper showing how the 
e x is t in g  v/ork f i t t e d  in  w ith  th i s  theory . In  p a r t ic u la r ,  he r e -p lo t te d  
Hughes* r e s u l t s  in  the  form H a g a in s t vd and showed th a t  the r e s u l t s  fo r  
a l l  c y lin d e rs  l i e  on one l in e .  He went fu r th e r  to  e x trap o la te  King1 s 
form ula and show th a t  on th i s  p lo t ,  King* s r e s u l t s  agreed w ith  Hughes’ .
He extended th i s  work in  1921, ( 23) and t r i e d  to  c o r re la te  the 
p u b lish ed  d a ta  on h ea t t r a n s f e r  w ith  those on the aerodynamic r e s is ta n c e  to 
check the a p p lic a tio n  o f R eynold 's Analogy, The r e s u l t s  were d isap p o in tin g
■16 .
however and he seemed no t to  r e a l i s e  th a t  th i s  was because p r a c t ic a l ly  a l l  
the drag of a c i r c u la r  cy lin d e r  i s  form drag and only  a sm all p a r t  i s  sk in  
d rag , to  which the  analogy re fe rs#
F u rth e r  experim ental d a ta  on the hea t t r a n s f e r  to  l iq u id s  was fu rn ished  
by Davis (26) in  1924 to  supplement the somewhat meagre d a ta  of W orthington 
and Malone# McAdams has shown (4 ) th a t  the d a ta  i s  c o r re la te d  to  w ith in  
5 -  15^ by the equation
S V ,  = 0.86 (E e )° * «
? r
In  1924 to o , Gibson (38) c a r r ie d  out work on s t r a ig h t  tubes and s p i r a l -  
c o ile d  tubes in  a w ind-tunnel 6 f t .  0 in .  by 4  f t .  0 in .  using  ho t w ater fo r  
h e a tin g . The e f f e c t  of surface roughness Y/as examined b u t ,  f o r  the su rfaces 
t r i e d ,  no g rea t v a r ia t io n s  in  h ea t t r a n s f e r  were found.
In  1931, Drew and Ryan ( 29) gave d a ta  from experim ents designed to  
in v e s t ig a te  the  v a r ia t io n  in  h ea t t r a n s f e r  around, a p ip e . The p ipe was s p l i t  
in  h a l f  lo n g itu d in a l ly  and one h a lf  d iv ided  in to  11 lo n g itu d in a l s t r ip s  by 
so ld e rin g  on in te rn a l  fin s ,. The two h a lv es were then so ld ered  to g e th e r and 
mounted in  a wind tu n n e l. In  the  experim ents, s l ig h t ly  superheated  steam 
was allow ed to  condense on the  in s id e  and th e  condensate c o l le c te d  se p a ra te ly  
from the se v e ra l s e c tio n s . The t o t a l  from the  one h a l f  was compared w ith  
th a t  c o lle c te d  in  the o th e r  as a check. T h e ir r e s u l t s  agreed w ith  p rev ious 
v/ork by L o risch  ( 7 0 ) ,  who used the analogy betv/een h ea t t r a n s f e r  and d if fu s io n  
to  g e t h is  r e s u l t s .
In  1933, G r i f f i th s  (42) c a r r ie d  out experim ents u sing  iro n  and copper
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p ip e s  whose d iam eters ranged from 13; in . to  3i  in* mounted h o r iz o n ta lly  in  a 
w ind-tunnel 2 f t ,  0 in , h ig h , 3 f t .  0 in ,  w ide. Two h ea tin g  methods were
used , by e l e c t r i c  h e a te rs  and ho t w ater o r o i l j  the r e s u l t s  from the two 
methods were found to  be in  good agreement. In  c a lc u la tin g  the  r e s u l t s  an 
es tim ate  was made of the en d -lo ss  b u t no c o rre c tio n  was made f o r  ra d ia t io n  
lo s s e s .  Although he c o r re la te d  h is  r e s u l t s  by dim ensional a n a ly s is ,  he 
gave the  form ula
2/
H = V 3 0  . (0 .36  + Q.30d) B t u . / f t .h r .  
where' V i s  measured in  f . p . s .
0  If If II ° Q
d !l " " inches.
The work pub lished  in  1933 by H ilp e r t (47) i s  g e n e ra lly  regarded as
one of the most r e l ia b le  s e r ie s  of experim ents on th i s  problem.
The a ir -s tre h m  used issu ed  from a nozzle 600 mm, wide by 250 mm. high 
s i tu a te d  in  the p a r t i t i o n  w all s e p a ra tin g  two rooms. A v e n t i la t in g  fan  was 
used to  give the p re ssu re  d iffe re n c e  req u ired  to  produce the flow  and a i r ­
speeds from 2 to  30 m etre s /se c . could  be ob tained . T raverses of the  j e t  
showed th e  v e lo c i ty  to  be very uniform, and the tu rb u len ce  in  the j e t  was 
v ery  low.
S everal se ts -u p  were used to  dover the Very wide range of Re from
2.0 to  230,000* For the low est Re, f in e  w ires  were used , th ese  being
h 'eated  e l e c t r i c a l l y  and the  h ea t t r a n s f e r  measured by th e  power lo s s  over a 
le n g th  remote from the  ends. Higher Re were obtained  w ith  th ic k e r  w ires 
and here the  w ires  were s tre tc h e d  between two sp ring  loaded end-p ieces.
These end -p ieces  were made hollow  so th a t  steam could be passed  through them,
20,
making them guard h e a te r s  to  p reven t end lo s s ;  they  a lso  formed the e le c t r i c
te rm in a ls  fo r  the ends of the w ires .
For the upper range of Re, tubes were used. These were heated  by 
sea lin g  the  ends, p a r t ly  f i l l i n g  them w ith  w a te r, and b o il in g  th is  by means 
of an e l e c t r i c  immersion h e a te r ,  the  p re ssu re  of the steam so generated 
being  measured by a manometer. The in p u t to  the immersion h e a te r  measured 
the h ea t t r a n s f e r .  For a l l  tu b es , steam guard h e a te rs  supp lied  from a
sep ara te  b o i l e r  were f i t t e d  to  bo th  ends.
Besides the  t e s t s  to  f in d  the  e f fe c t  of Re, runs were c a r r ie d  out a t 
c o n s tan t v e lo c i t ie s  in  which the tem perature was v a rie d  over the  range 
60°C -  1100°C.
The r e s u l t s  y ie ld e d , on p lo t t in g  lo g  Nu ag a in s t lo g  Re, a l in e  whose 
slope in c reased  a b ru p tly  a t  sev era l Re,
H ilp e r t expressed the g en era l r e s u l t s  as 
Nu = 0 . Rem 
g iv ing  v a lu es  of G and m f o r  the v ario u s  ranges of Re.
A s im ila r  equation  w ith  an a d d itio n a l f a c to r  T c y lin d e r  /  T a i r  was 
given f o r  the work on tem perature e f f e c t .
The re p o rt a lso  g ives r e s u l t s  and equations f o r  sev era l tubes of 
polygonal se c tio n s . *
1935 brought more work,on the lo c a l  h e a t t r a n s f e r  around a c y lin d e r , 
t h i s  time by Sm all, (9 5 ). He a lso  gave r e s u l t s  on the o v e ra ll  h ea t t r a n s f e r  
c o e f f ic ie n t  f o r  a k i  in .  d iam eter b ra s s  tube mounted in  a w ind-tunnel 2 f t ,
0 in ,  square . The tube was f i l l e d  w ith  a so lu tio n  of g ly ce rin e  and w ater 
and heated  by an immersion h e a te r .  End lo s s e s  and r a d ia t io n  lo s s e s  were 
c a lc u la te d .
2 i
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The lo c a l  h ea t t r a n s fe r  was found by m easuring the tem perature drop 
through a therm opile f i t t e d  in  the w all of a steam -heated p ipe  along one of 
the  g en era to rs . This tem perature drop v/as assumed to  be in  one-one c o rre s ­
pondence w ith  th a t  across the w all of the p ipe and so in  p ro p o rtio n  to  the 
h e a t t r a n s f e r .  The p ipe was ro ta te d  and the  response p lo t te d  a g a in s t 
an g u la r p o s it io n .  The therm opile was c a l ib ra te d  by re fe ren ce  to  the curve 
o b ta ined  of Nu a g a in s t Pe in  the experim ents on o v e ra ll  h ea t t r a n s f e r ,  and 
so the  v a r ia t io n  of the Nu round th e  p erim ete r could  be p lo t te d .
F or the  o v e ra ll  h e a t t r a n s f e r ,  Small gave
Nu = 2.96 Re0*626
In  194-1, Schmidt and Wenner ( 94) re p o rte d  a s e r ie s  o f ex p erim en ts 'in  
which the lo c a l  h ea t t r a n s f e r  and the p re ssu re  d is t r ib u t io n s  round c i r c u la r  
c y lin d e rs  were measured a t  Re from 5,000 to  426,000, They used b ra ss  
c y lin d e rs  of d iam eter 50, 100 and 250 mm. d iam eter which v/ere steam heated  
except f o r  a narrow lo n g itu d in a l s t r i p  which was cu t out of the  c y lin d e r  and 
rep laced  by a hollow  copper b a r  hea ted  from in s id e  by a sm all e le c t r i c  
h e a te r .  The in p u t to  the h e a te r  was re g u la te d  to  keep the tem perature of 
the copper b a r  equal to  th a t  of the  r e s t  of the c y lin d e r .
The a ir -s tre a m  arrangem ents were the same as H ilp e r t  used , the 50 mm. 
c y lin d e r  was mounted p a r a l l e l  to  the 600 mm* s id e  of the  nozzle and the  
o th e r  two p a r a l l e l  to  the 250 mm. s id e .
Agreement w ith  Squires* equation  (6 ) f o r  the hea t t r a n s f e r  a t  the 
forw ard s ta g n a tio n  p o in t was good, and the  au thors claim ed good agreement 
w ith  the r e s u l t s  of Sm all,
The e f fe o t  o f two w ires n ea r th e  se p a ra tio n  p o in ts  in  reducing  the
23, |
c r i t i c a l  Re was dem onstrated w ith  re fe ren ce  to  bo th  Nu and p re ssu re -c o e ffic ie n t!
' ' . ■ l!
d is tr ib u tio n *  ||
. i
Work of a s im ila r  n a tu re  Was rep o rted  by G-eidt in  194-9 (3 4 ) . He took J
• . v  . j
a lu c i te  c y lin d e r  4 in .  diam eter and wound on f iv e  tu rn s  of nichrome ribbon
1 in .  X  0 .0 0 2  in .  ; the middle tu rn  Was the t e s t  se c tio n  to  which were !
welded iro n -c o n s ta n t an thermocouples a t  -g- in .  in te r v a ls ,  the rem aining four 
were in tended  as guard r in g s . This c y lin d e r was mounted in  a 3 f t .  0 in . 
square o p en -je t w ind-tunnel and p re ssu re  d is t r ib u t io n s  were measured 
sim ultaneously  w ith  the tem perature measurements*
By p lo t t in g  the tem perature a g a in s t angle from the forward s tag n a tio n  
p o in t ,  dfc/ doC was found and by p lo t t in g  th e se , • From |
th ese  and the  measured e le c t r i c a l  in p u t, a h ea t balance could be c a lc u la te d  j
which re s u lte d  in  lo c a l  values of Nu.
G-iedt p o in ted  out the  correspondences between h is  d a ta  and those of j
Fage and F a lk n er (6 ) oh sk in  f r i c t i o n .  These were s u f f ic ie n t  he f e l t ,  to
c a l l  f o r  sim ultaneous measurements of h ea t t r a n s f e r  and su rface  f r i c t i o n .
He f i l l e d  t h i s  demand h im self in  1951 w ith  a second s e r ie s  of 
experim ents (3 5 ). B esides m easuring sk in  f r i c t i o n  and checking the  c o rre s -  j
pondence w ith  the  h ea t t r a n s f e r ,  t e s t s  were made to  examine te n ta t iv e ly  the 
e f f e c t  of tu rb u len c e , u sing  a cord h e t of mesh 1^ in .  square, cord diam eter 
3/ lS in .
S ev era l odd f e a tu re s  of th i s  work rem ained unexplained,
( a )  With a normal stream , r e s u l t s  f o r  the Nu a t  the forw ard s ta g n a tio n  
p o in t checked S q u ires1 equ a tio n  to  w ith in  10fo* With the  tu rbu lence
I
g r id  the r e s u l t s  are  d i f f e r e n t  by as much as 33^ . Linked w ith  th is  j
I
i s  the f a c t  th a t  w ith  the tu rb u le n t stream  the  surface tube (used fo r
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measuring the v e lo c i t ie s  ju s t  o u ts id e  the "boundary la y e r  fo r  sk in  
f r i c t i o n  r e s u l t s )  read  n eg a tiv e  w ith  re sp e c t to  the lo c a l  s t a t i c  
p re ssu re  over the range 0° to  8° "by amounts corresponding to 
v e lo c i t ie s  of from 10 to  20 f .p . s ,
(b ) In  the lam inar boundary la y e r  reg io n  th e  in c rease  of lo c a l  hea t
t r a n s f e r  w ith  turbulence i s  not accompanied by an in c rease  in  the
sk in  f r i c t i o n .
(c )  In  the tu rb u le n t boundary la y e r  reg io n , a lthough the  lo c a l  hea t
t r a n s f e r  a t  Re = 213,000 in  the normal stream  i s  s u b s ta n t ia l ly  the
same as th a t  a t  Re = 172,000 in  the tu rb u le n t stream , the sk in  f r i c t io n  
i s  q u ite  d i f f e r e n t .
I t  w i l l  now be c le a r  th a t  a con sid e rab le  amount of d a ta  i s  av a ilab le  
on the h ea t t r a n s f e r  from p la in  cy lin d e rs  to  a i r  in  crossflow . These d a ta  
a re  u su a lly  c o r re la te d  by p lo t t in g  the Nu a g a in s t the Re, s ince  f o r  a i r  the 
P r .  i s  se n s ib ly  co n s ta n t, and a c o r re la t io n  which includes most of the 
a v a ila b le  d a ta  i s  given in  f ig .  2 .5 , which i s  tak en  from McAdams (4 ) .  This 
Nu-Re c o r re la t io n  w i l l  be d iscu ssed  iii l a t e r  c h ap te rs .
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C H A P T E R  I I I
General D iscussion  
I t  i s  now n a tu ra l  to  enquire as to  what ex ten t the experim ental and 
th e o re t ic a l  re  searches d escribed  in  the two preceding ch ap te rs  ag ree . This 
question  i s  most e a s i ly  examined by comparing equations 1*14- and 1.15 w ith  
th e  mean l in e  which McAdams has drawn through the experim ental d a ta , (see  
f ig .  2.5)* This has been done in  f ig .  3»1 and i t  i s  c le a r  th a t  although in  
a c e r ta in  range of Re the  th e o re t ic a l  and p r a c t ic a l  r e s u l t s  come n ear to  
one an o th e r, n e i th e r  the  B oussinesq nor the  King equation  d esc rib es  the 
s i tu a t io n  w ith  any accuracy.
The reason  fo r  th is  i s  p r in c ip a l ly  the assum ption th a t  the flow 
p a t te r n  around the  cy lin d e r  i s  th a t  which would be follow ed by an in v isc id  
f l u i d ,  i . e .  a  p o te n t ia l  flow . The theory  of hydrodynamics shows th a t  the 
re s is ta n c e  to  the  steady  motion of a c i r c u la r  c y lin d e r , (o r  f o r  th a t  m atter 
any body) through a f lu id  w ith  no v is c o s i ty  i s  ze ro , whereas experience 
shows th a t  w ith  r e a l  f lu id s  the drag i s  co n s id e rab le .
YYhen th i s  f a i lu r e  of the c la s s ic a l  equations was f i r s t  no ted , the 
id eas  of the  flow o f r e a l  f lu id s  were com paratively  immature. Although i t  
was ap p rec ia ted  th a t the  assumption th a t  the f lu id  was in v is c id  was respon­
s ib le ,  i t  was no t understood why th i s  was so and, in  p a r t ic u la r ,  v/hy flow 
p a t te r n s  d id  no t tend  to  become more l ik e  those of a p e r fe c t  f lu id  as f lu id s  
o f low er v is c o s i ty  were used .
The answer slow ly became c le a r  as a r e s u l t  of v/ork done on flow in
p ip e s .
28.
In  the middle of the 1 9 th 'ce n tu ry  a so lu tio n  was found to  the exact 
hydrodynamical equations, allow ing fo r  v is c o s i ty ,  f o r  flow in  a tube o f ' 
c i r c u la r  s e c tio n . But th i s  d id  not a t  once improve the s i tu a t io n .  For 
some time i t  had been known th a t  two d i s t in c t  types of flow are  p o ss ib le  in  
a p ip e . In  one, a l l  the p a r t i c le s  of f lu id  move along p a th s  p a r a l l e l  to 
the ax is  of the p ipe and in  the  o th e r the p a r t i c le s  move in  a very  i r r e g u la r  
manner, so th a t  a t  any in s ta n t ,  b es id es  the g en era l v e lo c ity  of flow  p a r a l le l  
to  the  a x is ,  a p a r t ic le  has a v e lo c ity  component p e rp en d icu la r to  the ax is . 
These types of flow  are now c a l le d  lam inar and tu rb u le n t re sp e c tiv e ly . The 
form er occurs only under r a th e r  p a r t ic u la r  circum stances and i t  i s  to  th is  
one th a t the  so lu tio n  a p p lie s .
In  the  course of experim ents to  determ ine the law o f lam inar flow  in  
p ip e s ,  Hagen showed th a t  the lo s s  of head from en trance  to  e x i t  could  be 
d iv id ed  in to  two p a r t s ,  one of which was p ro p o rtio n a l to  the mass flow , the 
o th e r  to  the square of the m ass-flow. Hagen in fe r re d  th a t  the f i r s t  of 
th ese  was the  f r i c t i o n  lo s s  and the second a lo s s  due to  k in e tic  energy 
which had to  be su p p lied  to  the f lu id .  I t  a lso  appeared th a t  the lo n g er 
the p ip e , the le s s  im portant was the  k in e tic  energy term  and th i s  suggests 
an e f f e c t  confined to  the  en trance reg io n .
Now the  th e o re t ic a l  equation  shows th a t  the  v e lo c i ty  d is t r ib u t io n  in . 
s tead y  lam inar flow  i s  p a ra b o lic , A l i t t l e  thought shows th a t  th i s  cannot 
be so a t  the  en trance to  the p ip e . Here the  v e lo c ity  w i l l  be uniform  over 
the whole c ro s s -s e c tio n  except very  near to  the w a ll, where i t  w i l l  be zero 
owing to  the f a c t  th a t  the f lu id  cannot s l ip  p a s t  the w a ll. The consequent 
h igh  r a te  of shear w i l l  a t  once beg in  to  slow down the  f lu id  n ea r the w all 
and as the f lu id  flow s down the p ipe  the la y e r  of d e ce le ra ted  f lu id  so
29.
formed grows th ic k e r . I n  o rd er to  s a t i s f y  the equation  of c o n tin u ity  the 
c e n tr a l  core must a c c e le ra te  and so the k in e tic  energy term  in  Hagen’ s work 
i s  accounted fo r .
B r ie f ly ,  the  p a rab o lic  v e lo c ity  d is t r ib u t io n  i s  b u i l t  up by the 
gradual p e n e tra tio n  of the in flu en c e  of v is c o s i ty  in to  the f lu id  from the 
w a ll. The la y e r  of f lu id  in  co n tac t w ith  the w all which grows in  th ickness 
u n t i l  i t  com pletely  f i l l s  the  p ip e  and g ives the  fu lly -d ev e lo p ed  v e lo c ity  
d i s t r ib u t io n  i s  c a lle d  the boundary la y e r .
However, as mentioned above, th i s  type of flow  occurs only under 
c e r ta in  c ircum stances. Reynolds, in  a s e r ie s  of well-known c la s s ic a l  
experim ents, showed th a t  the type of flow  in  a p ipe  depends upon the value 
of th e  dim ensionless param eter , now c a l le d  the Reynolds number,
Re. Below a c e r ta in  Re the v iscous e f f e c ts  a re  s tro n g  enough to  damp out 
any i n i t i a l  d is tu rb an ces  and e s ta b l is h  a s ta b le ,  lam inar flow . Above t h i s - 
low er c r i t i c a l  Re the  flow i s  considered  to  be u n s ta b le  and although laminar 
flow  can be ob tained  w ith  q u ite  h ig h  Re, the p ro b a b i l i ty  i s  th a t  the flow 
w i l l  be tu rb u le n t,  the  p ro b a b ili ty  in c re a s in g  w ith  the  Re.
Measurements o f the v e lo c i ty  d i s t r ib u t io n  in  fu lly -d ev e lo p ed  tu rb u len t 
flow  have rev ea led  th a t  the d is t r ib u t io n  i s  q u ite  d i f f e r e n t  from  th a t  in  
lam inar flow . I t  i s  found th a t  the v e lo c i ty  in c re a se s  much more ra p id ly  
n ea r the  w a lls  and th a t  in  the  c e n tra l  core i t  i s  s u b s ta n t ia l ly  co n stan t. 
Although the  problem i s  not a t  p re sen t com pletely  •understood, i t  i s  probable 
th a t  a t  the  en trance to  the p ipe  lam inar flow  e x is ts  w ith  a g rad u a lly  
th icken ing  boundary la y e r  as  b e fo re . This la y e r  becomes u n s tab le  however, 
and b reak s  down in to  what i s  now c a lle d  a tu rb u le n t boundary la y e r ,  which 
r e a l ly  c o n s is ts  of a much th in n e r  su b -lay e r in  which the  v e lo c ity  g rad ien t i s
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HO.3 3 :  DEVELOPMENT Of PLOW ABOUND A 
CUICULAB CYLINDEQ.
3 1 .
h ig h , and a tu rb u len t b u ffer  la y e r  in  which the v e lo c i ty  i s  brought more 
'gradually up to  the core v e lo c i ty ,  What i s  most important i s  th at from 
th ese  measurements i t  appears th a t w ith  flow s a t high Re the e f f e c t  o f  
v is c o s i t y  no lon ger  extends throughout the f lu id  but i s  confined  to  a th in  
la y e r  o f f lu id  in  contact w ith -th e  w a lls , i . e .  the boundary la y e r ,
The concept of the boundary la y e r , due to  P ra n d tl, and the subsequent 
exam ination o f i t s  behaviour revealed  the reason fo r  the fa i lu r e  o f the 
equations o f c la s s ic a l  hydrodynamics.
I f  a c ir c u la r  cy lin d er  i s  immersed in  a p e r fe c t  f lu id  flow in g p ast i t  
w ith  v e lo c i ty  vq , the v e lo c i t y  o f the f lu id  in  contact w ith  the surface  
i s  2v q. s in  oC , ( s e e  f i g ,  3 .2), Hence the v e lo c i ty  a t the 0° and 180°. 
p o in ts  i s  zero , (a s  a r e s u lt  they are c a lle d  the stagn ation  p o in ts ) ,  and at 
the 90° and 270° p o in ts  i t  i s  2v q. With th is  in crease and decrease o f  
v e lo c i ty  i s  a sso c ia ted  the decrease and in crea se  o f pressure required by the 
standard equations and the g a in  in  k in e t ic  energy imparted to  a p a r t ic le  o f  
f lu id  by the favourable pressure gradient between the 0° and 90° p o in ts  i s  
ju s t  s u f f ic ie n t  to  enable the p a r t ic le  to  overcome the adverse pressure  
gradient between the 90° and 180° p o in ts  and reach the rear  stagn ation  p o in t. 
The flow  p a ttern  i s  symmetrical and the r e s is ta n c e  i s  zero .
With a r e a l f lu id  the s ta te  of a f f a ir s  i s  qu ite d if f e r e n t ,  fo r  when 
i t  i s  proceeding a g a in st a pressure g ra d ien t, the p a r t ic le s  in  the boundary 
la y e r ,  a lread y retarded by v is c o u s - fo r c e s , can be com pletely  stopped and then  
turned back by the pressure f  orces . This causes the boundary la y e r  to  
break away from the su r fa ce , a phenomenon known as sep ara tion , M complete 
change in  the flow  p a ttern  r e s u lt s  and because the re-co n v ersio n  o f k in e t ic  
energy i s  in ter fe r ed  w ith , unbalanced pressu re  fo r c e s  a r is e .  The r e s is ta n c e
32.
to  motion due to  th ese  pressure fo r c e s  i s  known as form drag in  order to  
d is t in g u is h  i t  from th a t which a r is e s  due to  v isco u s  shear in  the "boundary 
la y e r , known as s k in - fr ic t io n  drag.
The flow  round a cy lin d er  in  a r e a l f lu id  depends upon the Re and i s  
b e s t  describ ed  as the flow  i s  sta r ted  from r e s t ,  (se e  f i g .  3*3).
At the in s ta n t flow  b e g in s , the stream lines are e s s e n t ia l ly  those of
p o te n t ia l  flow  and the cy lin d er  i s  surrounded by a vortex  sh eet. As the
v o r t ic i t y  d if fu s e s  the boundary la y e r  b eg in s to  grow. I f  the f in a l  steady- 
flo w  Re i s  below about 3, the boundary la y er  grows u n t i l  i t  f i l l s  the whole 
f i e l d ,  i . e .  the flow  i s  lam inar. (By a co in c id en ce , the equations fo r  the 
flo w  of a v isco u s f lu id  and fo r  a p o te n t ia l flow  are s im ila r  and so the 
stream lin es are s im ila r . This i s  the p r in c ip le  o f the Hele-Shaw apparatus).
At Re greater  than 3 , separation  b eg in s  near the rea r  stagnation  
p o in t and w ith  fu rth er  in crea se  in  Re the p o in t o f sep aration  moves forward.
A fter  sep aratin g  from the su rfa ce , the vortex  sh eets  cirri round on them selves
and form two v o r t ic e s  sym m etrically d isposed  behind the c y lin d er . These 
v o r t ic e s  are reta in ed  by the cy lin d er  and a s ta te  o f equ ilibrium  i s  main­
ta in ed  in  which the v o r t ic i t y  generated in  the boundary la y e r  i s  equal to  
th at d if fu se d  in  the v o r t ic e s .  As th e Re i s  increased  the p o in t of 
sep aration  moves fu r th er  forward and the v o r t ic e s  grow la r g e r , become 
e lon gated  and tend to  move downstream as th e ir  str@ngth in crea se s  along l in e s  
in c lin e d  to  the l in e  o f symmetry. The main v o r t ic e s  a lso  deform owing to 
the in te r a c t io n  o f sm all secondary v o r t ic e s  o f opp osite  sense which are 
formed by the sep aration  o f the backflow over the rear h a lf  o f the cy lin d er . 
There are photographs which suggest th at the flow  in  th is  co n d ition  i s  not 
s t r i c t l y  tw o-dim ensional, th at sp ir a l movements occur in  the vortices«
33.
At a Re o f about 100, the symmetric arrangement o f the v o r tic e s  
becomes u n stab le  fo r  antisym m etric d isp lacem ents, i . e .  displacem ent o f one 
vortex  r e la t iv e  to  the other along the l in e  o f symmetry, and so cannot 
p e r s is t .  The v o r t ic e s  thus become asymmetric, one i s  washed away before  
the o th er , and subsequent v o r t ic e s  are shed from a ltern a te  s id e s  o f the 
cy lin d er  g iv in g  r is e  to a staggered arrangement of v o r tic e s  in  the wake.
This i s  termed a vortex sheet and over a c e r ta in  d istan ce  obeys w ith  good 
accuracy the law s of c la s s ic a l  hydrodynamics.
At th is  stage the boundary la y e r  on the fro n t o f the cy lin d er  i s  
lam inar up to the p o in t o f sep aration , which s e t t l e s  down to  a p o s it io n  
about 8 0 °- 85° from the forward sta gn ation  p o in t. The p o in t o f minimum 
pressu re  i s  at about 70° and the la r g e  drag a r is e s  from the fa c t  th a t , owing 
to  sep ara tion , the k in e t ic  energy o f the f lu id  i s  w asted in  the v o r t ic e s  
in s te a d  o f b ein g  re-con verted  in to  p ressu re . The pressure on the rear  of 
the cy lin d er  i s  much l e s s  than i t  should be and a r e su lta n t fo rce  e x is t s  
opposing the m otion. This form drag i s  more than 9Qfo o f the to t a l  drag.
• Further in crease in  Re b rin gs about a tr a n s it io n  to  turbulence in  
the boundary la y e r . Owing to  the in creased  k in e t ic  energy near the 
su r fa ce , the p o in t of sep aration  moves back and .there i s  a sudden and con­
sid era b le  drop in  the drag. The range o f Re in  which th is  tr a n s it io n  can 
occur i s  r e ferred  to  as the c r i t i c a l  range,
The great d iffe re n c e  between the actu a l and th e o r e t ic a l flo w  pattern s  
accounts fo r  the fa i lu r e  of the equations due to  B oussin esq  and King. I t  
i s  p o s s ib le  however to  c a lc u la te  the lo c a l  heat tr a n sfe r  around th a t part of 
the circum ference where the boundary la y e r  i s  lam inar and to support these  
c a lc u la t io n s  by experim ents. In  p a r tic u la r  i t  i s  p o ss ib le  to  d erive  an
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exp ression  fo r  the lo o a l heat tra n sfer  at the forward stagn ation  p o in t , (see  
r e f .  6 ) .
The d is tr ib u tio n  of heat f lu x  around the c y lin d e r , i . e .  the lo c a l  
va lu es o f Nu, d isp la y s  s im ila r  c h a r a c te r is t ic s  to  the pressure d is tr ib u tio n  
in  th at the tr a n s it io n  to turbulence in  the boundary la y e r  has a marked 
e f f e c t .  Owing to  the s im ila r ity  between the transport ,of momentum and the 
transport o f heat i t  i s  p o ss ib le  to  speak o f a thermal boundary la y e r , in  
fa c t  the Pr i s  the r a t io  of the th ick n esses  o f the momentum and thermal 
boundary la y e r s . Thus below the c r i t i c a l  Re, the Nu w i l l  decrease from a 
maximum a t the forward stagn ation  p o in t as the th ick n ess o f the thermal 
boundary la y e r  increases^  reaching a minimum at the p o in t o f sep aration .
At t h is  p o in t the boundary la y e r  breaks away as described  above and the 
warmed f lu id  i s  swept out in to  the stream , co o ler  f lu id  b e in g  brought in  at 
the rear  stagn ation  p o in t and swept forward over the surface by the vortex . 
Hence the Hu w i l l  b eg in  to  r i s e  at the p o in t of sep aration  and reach a 
second maximum at the rear stagn ation  p o in t . Above the c r i t i c a l  Re, the 
Nu w i l l  f a l l  to  a minimum a t the p o in t o f tr a n s it io n , r i s e  suddenly due to  
the h igher ra te  o f exchange in  the turbulent boundary la y e r , f a l l  to  a 
second minimum at the p o in t o f sep aration  and then r i s e  again  to  a maximum 
at the rea r  stagn ation  p o in t .
These c h a r a c te r is t ic s  are i l lu s t r a t e d  in  f i g .  3*4 which i s  taken 
from Schmidt and Wenner (9 4 ).
3 s
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C H A P T E R  IV
D esc rip tio n  of A pparatus.
The p re sen t work was c a r r ie d  out on a 2 in* d iam eter b ra ss  c y lin d e r  
mounted in  a w ind-tunnel w ith  a 16 in .  square working section* The c y lin d e r  
was h ea ted  in te rn a l ly  by an e le c t r i c  h e a te r  and guard h e a te rs  were f i t t e d  a t  
b o th  ends to  p reven t end losses* A ir-speeds of from 10 to  50 f*p*s, could 
be ob ta ined  and the work covers a range of Re from 10,000 to  50,000. 
Tem peratures were measured a t  sev e ra l s ec tio n s  along the le n g th  by copper- 
co n stan tan  thermocouples f i t t e d  a t  0 ° , 90° and 180° from th e  forward s tag n a­
tio n  p o in t .
u
The sep a ra te  item s of the  apparatus w i l l  now be d e a lt  w ith  in  d e ta i l .
Wind Tunnel.
The w ind-tunnel i s  a s im p le■o p e n -c irc u it tunnel w ith  a working s e c tio n  
16 in* square by 44 in .  long . A ir i s  drawn in to  the working se c tio n  through 
a bell-m outh  w ith  a r a t io  of convergence .of 4 : 1 by a p ro p e llo r  f i t t e d  a t  
th e  end of A d iverg ing  cone s i tu a te d  downstream from the  working se c tio n .
The a i r  i s  then  discharged  in to  the  room and re tu rn s  to  the en tran ce .
A 34-mesh damping screen  i s  f i t t e d  a t  the mouth of the b e l l  and th is  
i s  fo llow ed a t  the en trance to  the  working se c tio n  by a honeycomb made from 
waxed paper and composed of hexagonal c e l l s  ■§■ in .  a c ro ss , 3 in .  deep. This 
arrangem ent i s  in tended  to  reduce th e  tu rbu lence in  the  tunnel and ensure an 
a x ia l  flow . A screen  i s  a lso  f i t t e d  a t  the o u t le t  which breaks up the  wash 
from  th e  p ro p e llo r  b e fo re  i t  e n te rs  the  room, to  p rev en t any la rg e  v o r tic e s
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from being  c a r r ie d  through back to the  en trance . A honeycomb i s  f i t t e d  a t  
the downstream end of the working se c tio n  to  prevent the tw is t from the 
p ro p e llo r  creep ing  up in to  the working se c tio n .
The arrangement of damping screens and honeycombs r e s u l t s  in  a good 
v e lo c i ty  d i s t r ib u t io n  and a flow w ith  a c e r ta in  amount of f in e - s c a le  tu rb u l­
ence* When consid e rin g  tu n n e ls  of th i s  type i t  i s  as w ell to  b e a r  in  mind 
B a i r s  tow’ s remark th a t  they behave w ell in  "a r e la t iv e ly  enormous room”.
The p ro p e llo r  of the tunnel i s  d riv en  by an e l e c t r i c  motor on Ward- 
Leonard c o n tro l to  ensure constan t speed. The f i e ld  of the motor i s  supplied  
from the 110 v o lt D.0* supply and the arm ature from the g enera to r of a 
V ickers Mo to r-G en era to r s e t .  Running speeds range from  dead slow to  f u l l  
speed, and the speed i s  c o n tro lle d  by a rh e o s ta t in  the f i e l d  of the g en era to r. 
Corresponding a ir -sp e e d s  in  the uno b stru c ted  tunnel are  approxim ately 10 to  
50 f . p . s .
F if te e n  thermocouples are  f i t t e d  in to  the w a lls  of the  working se c tio n  
to  enable the  w all tem perature to  be measured f o r  ra d ia t io n  c a lc u la t io n s ,  and 
the in s id e  of the tunnel i s  p a in te d  matt g rey , fo r  which an e m iss iv ity  of 
0.96 i s  assumed.
F ig , 4.1 shows a general view of the w ind-tunnel and apparatus seen 
from  the  i n l e t  end of the w ind -tunne l, and f ig .  4*2 i s  a c lo s e r  vievf of the 
working sec tio n  and instrum ent tab les*  In  th is  second photograph the 
ap p ara tu s  i s  s e t up f o r  a v e lo c ity  c a l ib r a t io n  check made a f t e r  the t e s t  
c y lin d e r  had been f i t t e d  in  the  tu n n e l, (see  C hapter 5 )*
The C ylinder*.
One o f the f i r s t  problems which had to  be faced  in  the  design  of the 
appara tus was th a t  of g e t t in g  the thermocouple lead s  away from the su rface
40.
w ithout in te r f e r in g  w ith  the a ir -f lo w  around the c y lin d e r . H ith e r to , most 
of the workers who have used thermocouples have ju s t  so ldered  them to  the 
su rface  and taken the le ad s  away in  the a ir -s tre a m . An a l te rn a t iv e  to  th is
u n tid y  arrangement was sought.
The s o lu tio n  was to  use a double tube, Here the cy lin d e r  i s  con­
s tru c te d  of two tu b e s , a th in  o u te r  one which pushes t ig h t ly  over a th ic k e r  
in n e r  one. The thermocouples were so ld ered  to  the  in n e r  tube and the leads 
l a i d  in  grooves m illed  in  i t s  su rfa c e , and then the o u te r  tube pushed on.
The in n e r  tube had p rev io u sly  been f i l e d  and scraped u n t i l  good co n tac t 
between the two was made a l l  over i t s  su rface . Holes had been d r i l l e d  in  
the o u te r  tube so th a t  when i t  was in  p o s it io n  the thermocouples could  be 
seen . These h o les  were then f i l l e d  w ith  so ld e r , thus ensuring  th a t  the 
thermocouples were in  c lo se  co n tac t w ith  the  o u te r  tube .
When completed, the  cy lin d e r  was g iven  a th ic k  co a t o f m att b lack  
p a in t ,  the e m iss iv ity  of which was taken as 0,97
Main H ea te r,
The main h e a te r  was formed from 24-gauge nichrome w ire wound on a 
tube ro lle d  from asb esto s  paper u sing  w ate rg lass  as an adhesive. The p i tc h  
was 5 tu rn s  p e r  in ch  and vo ltage  tapp ings were provided  a t  in te rv a ls  in  case 
the  h ea t t r a n s f e r  should vary s u f f ic ie n t ly  along the tube le n g th  to  cause a 
v a r ia t io n  in  th e  re s is ta n c e  of th e  w ire . These tapp ings were no t used.
The in s id e  of the tube was packed w ith  asbestos f l u f f  to  p reven t f re e  
convection  c u r re n ts  and reduce the  time req u ired  fo r  the  r i g  to  s e t t l e  down 
to  stead y  c o n d itio n s .
When f in is h e d , the  h e a te r  was in su la te d  by wrapping round i t  th re e  
la y e r s  of asb esto s  p ap er; i t  was then  a good push f i t  in to  the c y lin d e r .
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Guard H eaters
The ends of the main h e a te r  were plugged w ith  two d isc s  of asbesto s 
b o ard , each of which was provided w ith  two therm ocouples, one in s id e  and one 
o u ts id e . A gainst these d isc s  were l a id  the  guard h e a te rs .
These.were made from 32-gauge Eureka w ire wound in to  a c lo se  c o i l  and 
th is  formed in to  two co n cen tric  c i r c l e s .  Each h e a te r  was then  embedded in  
a la y e r  of f i r e - c l a y  l a i d  on a mica d isc  and the f i r e - c la y  allowed to  s e t ,
A second mica d isc  was then p laced  on top and the two guard h e a te rs  p ressed  
in to  th e  ends of the main h e a te r  tube u n t i l  they touched the guard-p lugs.
G eneral Arrangement, '
The c y lin d e r  was mounted v e r t ic a l ly  in  the w ind-tunnel w ith  i t s  ends 
ex tending in to  two end-boxes f i t t e d  in to  the m ounting-boards, These boxes 
were packed w ith  asbestos board  and f i t t e d  w ith  te rm in a ls  to  take the 
connections to  the main h eater*  v o ltag e  tapp ings and guard h e a te r s .  The 
thermocouples from the cy lin d e r  to g e th e r w ith  those  from th e  guard-p lugs and 
the  tunnel w a lls ,  were so ld ered  to a two-bank hand-operated  s e le c to r  sw itch 
which connected each thermocouple in  tu rn  to  one of two cold  ju n c tio n s  
f i t t e d  in to  a thermos f la s k  f i l l e d  w ith  crushed ic e .  The le a d s  from the 
main and guard h e a te rs  were taken to  a s p e c ia l ly  designed panel so th a t  a l l  
v o ltag es  and c u rre n ts  could be measured independently  w ith  only  two in s t r u ­
ments,
A g eneral diagram of the  apparatus i s  given in  f ig ,  4 ,3  to g e th e r  w ith  
a d e t a i l  sketch  showing the c o n s tru c tio n  of the b ra s s  tu b e , main h e a te r  and 
guard h e a te r s ,  and the  method of le a d in g  away the  thermocouples and h e a te r  
connections. P ig . 4*4 i s  a c i r c u i t  diagram of the  h e a te r  connections and 
instrum en t p an e l,
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The o th e r  item s of the ap p ara tu s , which do no t 'need d e ta i le d  
e x p lan a tio n s , were as fo llow s :
N .P .L .-type P i to t - S ta t i c  tube by C ase lla .
C ase lla  micromanometer, (read in g  to  0*01 mm, w a te r ,) .
13 in .  Chattock micromanometer.
Doran thermocouple p o ten tio m eter, (read in g  to  0*01 mV).
Crompton .Ammeter, ( w ith  6 A s h u n t . )*
E l l i o t t  m u lti-ran g e  vo ltm eter.
Yi/here n ecessary , these  w i l l  be d iscussed  l a t e r  : they can a l l  be
seen in  f ig ;  4; 2 .
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C H A P T E R  V
Experim ental Work and C a lc u la tio n  of R e su lts ,
The experim ental work can be d iv ided  in to  :
( i )  C a lib ra tio n  Runs,
( i i )  Heat T ransfer ru n s,
and w i l l  be d escribed  in  th a t  o rder.
C a lib ra tio n  of th e  Wind Tunnel.
P ie rc y  (5 ) has recommended th a t  when c a l ib r a t in g  a w ind-tunnel the 
mean v e lo c ity  a t  the working se c tio n  should be p lo t te d  a g a in s t the s t a t i c  
p ressu re  a t  some p o in t in  the working se c tio n . This method allow s the 
v e lo c ity  to  be measured subsequently  from a s t a t i c  p re ssu re  ta p , thus 
avoiding the o b s tru c tio n  of the a ir -s tre a m  w ith  a p i t o t - s t a t i c  tube. The 
p re se n t c a l ib r a t io n  was c a r r ie d  out in  th i s  way.
The tunnel was f i r s t  c a l ib ra te d  when empty. Following the u su a l 
p r a c t ic e ,  the v e lo c i ty  was to  be measured a sh o rt d is ta n c e  upstream  from the 
c y lin d e r  and so two p la n e s , 6 in ,  and 9 in . upstream  from  the p o s it io n  a t 
which the c y lin d e r  was to  be mounted, were s e le c te d  f o r  v e lo c ity  measurements. 
Each p lane was d iv id ed  in to  16 squ ares , 4 in . by  4 i n . ,  and the  v e lo c ity  
measured a t  the c e n tre  of each square w ith  a p i t o t - s t a t i c  tube connected to  
th e  C ase lla  micromanometer. These read ings of v e lo c i ty  head were a l l  
averaged and the r e s u l t  taken as th e  mean v e lo c ity  head 7sf in .  upstream  
from the c y lin d e r . Simultaneous read ings had been taken from a s t a t i c  
p re ssu re  ta p , a lso  7 i  in .  upstream  from the c y lin d e r , u sing  the C hattock
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gauge, and a f t e r  c o rre c tin g  a l l  the read ings to  the standard  co n d itio n  of
6o°F ., 760 mm, H g., R e la tiv e  Humidity 0 , the  c a l ib r a t io n  curves were drawn.
The read in g s  are  given in  ta b le s  1, 2, and the curves in  f ig .  5 .1 , 5 .2  .
A fte r  the  cy lin d e r  had been mounted in  the  tu n n e l, a check was made 
on the  c a l ib r a t io n .  C arefu l exam ination rev ea led  th a t  the  v e r t ic a l  
v e lo c i ty  d is t r ib u t io n  was uniform  and so fo r  th ese  check read ings v e lo c i t ie s  
were measured ac ro ss  the tunnel in  one p o s it io n  only  in  each p la n e , v i z . ,  
midway between the  f lo o r  and ro o f. The averages of these  r e s u l t s  are  a lso  
p lo t te d  on the c a l ib r a t io n  curves and i t  i s  seen th a t  .the mean v e lo c i ty  was 
s e n s ib ly  u n a ffec ted  by the presence of the c y lin d e r .
Two p o in ts  arose during these t e s t s  which should be mentioned. In  
the f i r s t  p la c e , bo th  the  C ase lla  and the Chattock gauges are  su b jec t to  
tem perature e f f e c ts .  In  p re lim in ary  t e s t s  i t  was n o tic e d  th a t  the zero 
read in g  of the C ase lla  changed by as much as 0 .14  mm. C a lcu la tio n s  based
on the volume of w ater in  the  gauge rev ea led  th a t  a tem perature r i s e  of 4 o r
5° 0 could produce t h i s ,  and since an e le c t r i c  lamp had been p laced  c lo se  to  
the gauge in  o rder to  g e t good l ig h t  in  the  w a te r -c e ll ,  i t  i s  probable th a t  
lo c a l  changes of tem perature of th i s  o rd e r occurred. T his was v e r i f ie d  
when, on removing the lamp to  a g re a te r  d is ta n c e , the e r ro r  p r a c t ic a l ly  
d isappeared . The same e f fe c t  was noted  w ith  the Chattock where lo c a l  
changes in  tem perature caused the zero to  change by as much as 0.006  in .
Care was taken  in  a l l  t e s t s  rep o rted  here  to  see th a t  th ese  e r ro rs  were 
a b sen t. Changes in  room tem perature were always sm all and to  take account 
o f th e se , the gauges were zeroed a t  in te rv a ls  during the t e s t s .
The second p o in t i s  th a t  when a p i to t - s t a t i©  tube i s  used to  measure 
v e lo c i t ie s  care  must be taken to  l in e  the  tube p a r a l l e l  w ith  the flow , as a
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normal p i t o t - s t a t i c  tube w i l l  r e g is te r  high i f  i t  i s  a t a sm all angle to  the 
a ir-stream . The method adopted here was fo r  each reading to  ro ta te  the 
p it o t  s l ig h t ly  u n t i l  a minimum reading was obta ined , th is  bein g  more accurate 
than l in in g  i t  up by eye.
F in a lly , the read ings fo r  the Chattock gauge have been trea ted  through­
out as though the gauge read d ir e c t ly  in  in ch es. This i s  not so , but as the 
same gauge was used throughout and on ly  as an in d ic a to r , i . e .  no c a lc u la tio n s  
were necessary  from the read ings, th is  i s  o f no consequence.
C a lib ra tio n  of Thermocouples.
There are three d is t in c t  ways o f c a lib r a t in g  a thermocouple. The . 
f i r s t  i s  by d ir e c t  comparison w ith  standard thermometers over i t s  working 
range. The second i s  to  determ ine the response fo r  c e r ta in  accu rate ly  
known f ix e d  p o in ts  and to f i t  an equation to  th ese . The th ird  i s  the so -  
c a lle d  d ev ia tio n  method where responses are measured at about three f ix e d  
p o in ts  over the range, the d e v ia tio n  from the response of a standard thermo­
couple c a lcu la te d  and a curve o f d ev ia tio n  a ga in st standard response drawn. 
From th is  d e v ia tio n  curve and the standard curve a c a lib r a t io n  curve fo r  the 
p a r tic u la r  thermocouple i s  drawn.
In  the presen t work the f i r s t  method was abandoned through la ck  o f  
s u f f i c ie n t ly  r e l ia b le  thermometers, and sin ce  the method in  which an equation  
i s  f i t t e d  to the responses to  the f ix e d  p o in ts  has not been proved any more 
accurate than the d ev ia tio n  method, the d ev ia tio n  method was chosen , i f  only  
because an equation o f f e r s  a tem ptation to  go to  a more than j u s t i f ia b le  
degree o f accuracy.
The f ix e d  p o in ts  chosen were the b o il in g  p o in ts  a t atmospheric 
pressure o f aceton e, w ater, and naphthalene. The d i s t i l l e d  water and analar
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q u a lity  chem icals were b o ile d  in  tu rn  in  a hypsometer in to  which was p laced  
a thermocouple chosen a t  random from the sev e ra l ones made, to g e th e r w ith  a 
thermometer f o r  a rough check. The responses were measured on the  Doran 
po ten tiom eter used in  the experim ents, care  be ing  taken to  see th a t  a l l  
tem peratures were steady.
The r e s u l t s  were as fo llow s :
Liquid Response Barometer
o.oo225v
v
769.6 mm. 
770.1 mm,, 
769.3 mm.
Acetone
Y»ra te r  0.00416^
Naphthalene 0,00994^
Kaye and Laby (53) give va lu es  of standard  b o il in g  p o in ts ,  i . e .  a t
760.0  mm. H g., and two methods f o r  c o rre c tin g  read in g s  to  s tandard  co n d itio n s.
The f i r s t  i s  from the  standard  form ula
760 = t  + c (760 -  p ) ( t  + 273) •  •  •  o 0 e o ... (5 .1)
and the  second i s  from values o f 4 S t  which they give and say i s  accu ra te  
f o r  p re ssu re s  not f a r  removed from 760 mm. In  each case , t  i s  the tempera­
tu re  in  °G and p the b arom etric  p re ssu re  in  mm. Hg.
The fo llow ing  values are  given
t.L iquid
Acetone
Water
Naphthalene 
C a lcu la tio n s  g ive :
760
56.5
100.0
217.96
c X  10
115
99
119
-6 a t
26.4
27.25
17.10
Liquid Response Temperature
from ( 5 . 1 ) from t .
Acetone 0.00225 56.86 56.86
; Water 0.00416 100.37 100.37
Naphthalene 0.00994 218.52 218.40
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R esu lts  from the In te rn a t io n a l  C r i t i c a l  Tables (1 s t  Ed. J[ p .58) fo r  
the response fo r  a standard  copper-constan tan  thermocouple have been c a re ­
f u l ly  p lo t te d  to  f in d  the s tandard  responses a t  the above tem peratures.
Temperature Standard D eviation
56 .86°C 
100.37°C 
218.52°C
2,330 p  V 
4,293 p  v
10,280 p v
-80 p v
-133 p v  
-340 p v
Prom th ese  the d e v ia tio n  curve has been p lo t te d ,  fig*  5*3* and from 
th i s  d ev ia tio n s  from the s tandard  a t  a l l  tem peratures have been read  o ff  to  
give the c a l ib r a t io n  curve, f ig .  5*4 , 5 .5  .
Ammeter and V oltm eter.
These were c a l ib ra te d  by s tan d ard  techniques which need not be 
d esc rib ed  here .
P o ten tio m eter.
A c a l ib r a t io n  of the po ten tiom eter had been c a r r ie d  out by the makers 
ju s t  b e fo re  the  re sea rch  was s ta r te d .
Heat T ran sfe r Runs.
Two s e r ie s  of t e s t s  were c a r r ie d  out in  th e  f i r s t  in s ta n c e , one w ith  
and one w ithout u s in g  the guard h e a te rs  in  o rder th a t  the e f f e c t  of end- 
lo s s e s  could be examined. In  b o th  cases the procedure was s u b s ta n t ia l ly  the 
same.
A fte r  s ta r t in g  the tunnel motor the speed was a d ju s ted  so th a t  the 
read in g  of the Chattock corresponded to  the a ir-sp ee d  re q u ire d  f o r  the 
p a r t ic u la r  run . During the t e s t  the Chattock was used as an in d ic a to r  fo r
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motor speed s in ce  i t  was qu ite  s e n s it iv e  to  changes in  speed and enabled 
a c lo s e r  watch to  be kept than i f  a tachom eter o r s tro b o fla sh  had been used. 
(These were t r i e d  in  t r i a l  ru n s , and abandoned). The m otor-speed, or a i r ­
speed, d id  not vary  .by more than  2 o r 3$ fo r  any le n g th  of time during  any 
t e s t .
The main h e a te r  was next sw itched on and the in p u t ad ju sted . I f  the 
guard h e a te rs  were no t used , tem peratures of the two thermocouples on each 
guard-plug were now read  every 10 m inutes u n t i l  they were steady . When 
th ese  were s teady , read in g s  of a l l  thermocouples and m eters were taken  a t  
i  -  hour in te rv a ls  u n t i l  these were d u p lica ted . At some time during the 
t e s t ,  the wet and dry  bulb  thermometers and barom eter were read .
When the  g u ard -h ea te rs  were used, the  procedure was p r a c t ic a l ly  the 
same. The guard h e a te rs  were switched on a t  the  same time as th e  main 
h e a te r  and the  in p u ts  c o n tin u a lly  a l te re d  so th a t  the  two thermocouples on 
each end-plug gave the same read ing . A fte r  the steady  s ta te  had been 
reached, read ings were taken  every ■§• -  hour as b e fo re .
A s in g le  complete t e s t  a t  f i r s t  took about 4 hours, b u t a f t e r  a l i t t l e  
experience, th i s  was reduced to  about 3 hours. I t  v/as found p o ss ib le  to  do 
sev e ra l runs one a f t e r  the o th e r  a s , once the appara tus had h ea ted  up, the 
time taken to  s e t t l e  down to  a new tem perature was le s s  than  one hour.
Method of C a lc u la tio n.
As mentioned above, some experim ents were c a r r ie d  out w ithout using  
the g u a rd -h ea te rs . A part from the c a lc u la t io n  of e n d - lo sse s* the 
c a lc u la t io n s  fo r  a l l  t e s t s  were the same.
End-Loss
The en d -lo ss  i s  c a lc u la te d  from  the  tem perature-drop  across  the
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asb esto s  p lugs in  the ends of the main h e a te r  tube, the design  of the 
ap p ara tu s  being such, ( s e e 'f i g .  4 .3 ) ,  th a t  the lo s s  by d i r e c t  conduction 
from th e  ends of the b ra s s  tube in to  the asbestos packing in  the end-boxes 
was n e g lig ib le  in  comparison w ith  o th e r  h ea t lo s s e s ,  (see  c a lc u la tio n s  by 
A li ( 9) of a s im ila r  case w ith  a b ra s s  p la te ) .
The end p lugs are  approxim ately 2 in .  d iam eter ( in c lu d in g  the w all of 
the h e a te r  tube) and \  in .  th ic k . Taking a value of 0.1 B tu /h r .f t .° F  fo r
the  therm al co n d u c tiv ity  (McAdams, r e f .  4 ) the  lo s s  i s  given by :
•, ^  ’
H = k . A . A T  = 0.1 X 4 X 2 x
^  X m
= 0.1048 x A .T  B tu /h r. f o r  one end. . . . . . . . .  (5 .2 )
R ad ia tio n  Loss
Allowing f o r  v a r ia t io n s  w ith  tem perature, the em iss iv ity  of the m att- 
b lack  p a in t w ith  which the c y lin d e r  was coated  was taken to  be 0 .9 7 , and of 
the matt grey  tunnel v /a lls , 0 .96 • Data g iven by Hot t e l  and quoted by
McAdams ( 4) was used f o r  th ese  e s tim a tio n s .
The r a d ia t io n  lo s s  i s  now c a lc u la te d  from the Stefan-Boltzm an Law ,
Hrad . = ’ E * A * ( T‘4 " T-2  ^ B tu /h r.
_ _ o
in  which cr~ = 0.173 X ^  
and E i s  an e m iss iv ity  f a c to r  allow ing f o r  the  e m is s iv it ie s  of the em itting  
and rece iv in g  su rfaces  and the geometry of the system.
For the  case when the ra d ia t in g  surface i s  no t sm all compared to  the
£  and 6i 1
surroundings the fo llo w in g  form ula i s  used
p  ^ . where
1 a .  + ■ a .  _  -i
' €. + 6 '
are  the e m is s iv it ie s  of th e  ra d ia tin g  and rece iv in g  su rface  re sp e c tiv e ly . 
This g ives
0.97 <  E <  0.913    (5 .3 )
For co n cen tric  c y lin d e rs , the fo llow ing form ula i s  used :
E = 1
c .  k Z' c z
and co n s id e rin g  the le n g th  of the  working se c tio n  between the honeycombs, 
which i s  2 f t .  9 iu .  by 16 in .  square, th i s  g ives
E = 0.967     (5 .4 )
In  the  c a lc u la tio n s  the value
E = 0.96 has been used.
This g ives
^ a d  = °* 173 *  ° - 96 X ° - 7 I 100
= 0.1162 -  * 4  V   ( 5 .5 )
A ir V elo c ity
For c a lc u la tio n s  of a ir -sp e e d , co n d itio n s  were reduced to  the standard  
co n d itio n  6 o °F ., 7^0 mm« H g., R.H. = 0
The d e n s ity  of m oist a i r  i s  g iven by :
r= z2#2 B -  0.3783 X e An
where p Q = d e n s ity  a t  T0 and stan d ard  barom etric  p re ssu re  Aq 
T = abso lu te  tem perature in  °C
e = p ressu re  of w ater vapour p re se n t
B = barom etric  p re ssu re  in  mm. Hg.

a  e c t c t u T  (3 ) .
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For the  p ressu re  of w ater vapour s
e7 -  e = 6.6  ( t  - -b ')  X B X 10~^
where e / i s  p re ssu re  of w ater vapour a t  t 7
t 7 i s  w et-bulb tem perature
t  i s  dry-bulb  ten p e ra tu re .
These equations are  f o r  the C.G-.S. system of u n its  and give the  d en s ity  
in  grams p e r  l i t r e .  The f in a l  r e s u l t  w i l l  appear as a r a t io  (see  below) and 
so these  equations need not be converted  to  F .P .S . system.
A ir P ro p e rtie s
The v a lu es of the therm al c o n d u c tiv ity  and kinem atic v is c o s i ty  of a i r  
used in  the c a lc u la t io n  of dim ensionless groups were taken  from graphs 
p lo t te d  from d a ta  taken from
Fishenden and Saunders
Eckert
Schmidt
Perry
These graphs are  given in  Fig* 5*6 and 5*7 «
Specimen C a lcu la tio n s
As an example of the c a lc u la t io n s ,  the f u l l  c a lc u la t io n  f o r  Run No#1 
w i l l  be given.
Power Inpu t to  main h e a te r  = 2 x  99 = 198 w a tts
= 676 B tu /hour.
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Upper guard p lug  tem peratures :
O utside = 4 .74  mW * 230.5 °F
O utside = 4.28 mV = 212.5 °F
Temperature drop = 18.0 °P
Lower guard p lug  tem peratures :
In s id e  = 4 .62  mV = 226.0 °P
O utside = 4.19 mV = 209.0 °P
Temperature drop — 17.0 °P
T o ta l h ea t lo s s  from ends = 0.1048 (1 8 .0  + 17.0)
= 3.67  B tu /hour.
Average tube tem perature = 3*32 mV = 174.2 °P
Average w all tem perature = 0 .84  mV -  70.2 °P
R ad ia tio n  lo s s  = 0.1162 (6.324^* ~ 5*302^)
= 96 .4  B tu /hour.
Heat t r a n s fe r re d  by convection  = 676 -  ( 96.4  + 3 .67)
= 576 B tu/hour
Area of c y lin d e r  = 1T X 2 X 16 X = 0 .7  f t ?
Temperature d iffe re n c e  between c y lin d e r  and a i r  = 174.2 -  70.0
576
= 1 0 4 .2  °P
Heat t r a n s f e r  c o e f f ic ie n t  = 0 .7  X  104.2
= 7 .9  B tu /hour ° F .f t ^
S ta t ic  head in  tunnel = -0 .05  ift.
Dry bulb  tem perature = 69.5  °P
F e t bu lb  tem perature = 63.5  °P = "17.3 °C1
D epression = 6.00 °P = 3.33°C
Barometer = 761.7 mm.
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o ' -  e = 6 .6  X  3.33 X 761.7 X 10"4 
= 1.673
From ta b le s
Then
e / = 15.007
e = 13.33
/•
761.7 -  0.3783 X 13.33P  -  £ 0^0T 7%Q
= 1.2013 X  0,996
= 1.197 g ra m s /l i tre
Standard D ensity  = 1.2235 g ra m s /li tre
Hence heads measured must be m u ltip lie d  by (1.197 /  1.2235)
= 0.978
C orrected  s t a t i c  head = 0.978 X 0.05
= 0,0489 in .
From c a l ib r a t io n  curve :
. V e lo c ity  = 14.7 f . p . s .
Mean f i lm  tem perature = -§{174.2 + 70 .0)
= 122.1 °P
From graphs, f i g .  5 .6 , 5 .7
k f o r  a i r  = 0.01602 B tu/hr, ^ . f
n
l)  f o r  a i r  = O.696 f t  /h o u r.
The dim ensionless numbers are  now c a lc u la te d  ■
JL
hd 7 .9  X 12 on „
Nu = ~  =  6.01602 = H u
Re = U  = t l 4 .7 „ X og ) „ x T g  = 12.g80
63
X WITH £ N 0  - LOSSES.
• WITH CUAC O - H f A T f f t S .
5030 40ZO10
V E L O C I T Y  P.P. S.
P IG .  6 . 1. C U A P H  OP A V E R A G E  H E A T  T P A N S  P E R
C O E P P I C I E N T  A G A I N S T  V E L O C I T Y .
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C H A P T E R  VI
P re se n ta tio n  of R e su lts  -  Comparison w ith  
P rev ious Work -  The E ffe c t of Turbulence.
The r e s u l t s  of the p re se n t experim ents a re  given in  f i g .  6.1 as a 
graph of the average h ea t t r a n s f e r  c o e f f ic ie n t  a g a in s t a ir -sp e e d . I t  i s  
seen th a t  the r e la t io n s h ip  between these two q u a n ti t ie s  i s  l in e a r  and over 
the  range 10 v <  50 f . p . s .  the  r e s u l t s  may be rep resen ted  by the equation
h = 0.296 v + 3 .2  . . . . . . . . . . . . .  (6*1)
In  f ig .  6 .2 , the r e s u l t s  are  p resen ted  in  the  more usual form of a 
d im ensionless c o r re la t io n . Here lo g  Hu i s  p lo t te d  a g a in s t lo g  Re , and 
again  the  r e s u l t in g  graph i s  a s t r a ig h t  l in e .  The equation  to  th i s  l in e  
i s
Hu = 0.174 Re0#^  ................. (6*2)
P ig . 6.3 i s  a comparison of the p resen t work w ith  th a t  of G r i f f i th s ,
and the p re se n t r e s u l t s  are seen to  l i e  about 15^ 6 below G r i f f i th s ’ mean l in e .  
T his i s  m ainly due to  the  f a c t  th a t  G r i f f i th s ’ r e s u l t s  were not co rre c ted  
f o r  ra d ia t io n . The next graph, f ig .  6 ,4 , shows th e  p re se n t work uncorrected  
f o r  r a d ia t io n  to g e th e r  w ith  G riff ith s*  mean l in e .  Here the agreement i s  
good. These two graphs are  included  to  u n d erlin e  the im portance of the 
c o rre c tio n  f o r  r a d ia t io n . In  t h i s  connection i t  should be borne in  mind 
th a t  the h ig h es t tem perature reached in  the p re se n t work was only 340°P.
In  f ig ,  6 .5  the p re se n t work i s  compared w ith  th a t  of H ilp e r t ,  Hughes, 
Small and Gibson, This graph i l l u s t r a t e s  two p o in ts .
69.
a) At Re = 10,000 the slope of the b e s t  s t r a ig h t  l in e  through
the  r e s u l t s  changes.
b ) Above Re = 10,000 th e re  i s  g rea t d is p a r i ty  between the
r e s u l t s  of v arious experim en ters.
R efe rrin g  to  a ) ,  the  change in  the slope of the b e s t  s tr a ig h t  l in e  
a r is e s  p a r t ly  from the  f a c t  th a t  the log  Hu -  log  Re c o r re la t io n  i s  not a
s tr a ig h t  l i n e ,  b u t a g e n tle  curve which can be approximated to  by a s e r ie s  of
connected s t r a ig h t  l in e s .
Turning now to  b ) ,  i f  the  graph i s  examined i t  w i l l  be seen th a t  a t
Re = 10,000 the  r e s u l t s  are as fo llo w s .:
Hughes Hu = 48
I i i lp e r t  Hu = 51
P resen t work Hu = 67
Small Hu = 84
The p re se n t work thus l i e s  over 20^ below th a t  of Small and n e a rly
40^ above th a t  of Hughes. Small* s r e s u l t s  a re  75^ h ig h er than  Hughe si
As f a r  as the p re se n t w r i te r  knows, no wholly s a t is f a c to ry  exp lan atio n  
has been given o f  the d isp e rs io n  of th e  r e s u l t s  in  t h i s  range. O ften i t  has 
been lo o se ly  a t t r ib u te d  to  tu rb u len ce . I t  was decided here  to  examine th i s .
The E ffe c t of Turbulence
To check th e  e f fe c t  of tu rbu lence p u re ly  q u a li ta t iv e  methods were 
adopted. In  the  f i r s t  p lace  su per-tu rbu lence  was generated  by two s t r ip s  
of paper in .  -yy-ide, 2 in .  a p a r t ,  p laced  4  in .  upstream  from th e  c y lin d e r , 
each normal to  th e  a irs tre am  and sym m etrically  d isposed  about the c e n tre - l in e  
o f the c y lin d e r . With th is  arrangem ent, an in c re a se  in  h ea t t r a n s f e r  of 
about 20ft was ob ta ined . The two paper s t r ip s  were then rep laced  by c i r c u la r  
rods o f d iam eter \  i n . , ■§• i n , , \  i n . , ■§ i n . , Jp in .  and the h ea t t r a n s f e r
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1 .measured fo r  th ese arrangements. F in a lly  a s tr in g  mesh o f  yg m . d ia . 
s tr in g , mesh s iz e  % in  square, and a gr id  o f in . d ia . rod s, §  in , p itc h  
were made and p laced  in  turn 4  in . upstream from the cy lin d er .
In  a l l  the t e s t s  yast a few runs were made so that a good idea  could  
be obtained o f the order o f the in c r e a se ‘in  heat tra n sfer  which may be 
expected w ith  turbulence created  by a known o b s ta c le . A ll the r e s u lt s  are 
p lo t te d  in  f i g .  6 ,6  compared w ith  the mean l in e  fo r  normal flo w . This 
graph shows th a t in  no case was the in crease  g rea ter  than 25f0
Returning to  the question o f  the d isp ersio n  o f  the r e s u lt s  o f the  
v a r iou s workers, the turbulence presen t in  the a ir -strea m s o f the various  
s e t s  o f apparatus i s  the sort o f turbulence norm ally found in  w ind -tu nnels.
The work described above, and f i g .  6 .6  , show th a t , to  achieve an in crease  
o f about 25 -  30 fo  in  heat tr a n sfe r , considerab le  super-turbulence i s  n ecess ­
ary. The present author does not th ink  th at the turbulence p resen t in  any 
o f t h is  work i s  o f the same order as th at 4  in f downstream from a g r id  of 
f: in  d ia . rods a t 2 in , p itc h . The normal f in e - s c a le  turbulence found in  
w in d -tu n n els, such as th at downstream from a honeycomb, ( in  other w ord s,-th e  
so rt o f turbulence presen t in  the "normal flow 11 in  the present w ork), i s
s im ila r  to  th at behind the mesh and g r id  te s te d  h ere . The r e s u lt in g  in crease
in  heat tra n sfer  was about 7 fo  , and i t  must be remembered that th ese  two
turbulence generators were only  4  in* upstream from th e cy lin d er , whereas in
a . w ind-tunnel the honeycombs are u su a lly  much fu rth er  away.
To sum up, th is  chapter has drawn a tte n t io n  to  the d isp ers io n  o f the 
r e s u lt s  in  th e range 10,000 <  Re <  100,000 and i t  has been shown th at i t  
i s  u n lik e ly  th a t t h is  i s  due to  turbulence.
7 a
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C H A P T E R  VII
The E ffe c t of the Flow Boundaries,,
I f  the in c re a se  in  h ea t t r a n s f e r  due to  tu rbu lence i s  n o t s u f f ic ie n t  
to  ex p la in  the la rg e  d iffe re n c e s  between the r e s u l t s  of the v a rio u s  ex p eri­
m enters, an a l te r n a t iv e  exp lanation  must be sought* The p re sen t w r i te r  
suspected  th a t  the  e f f e c ts  of the tunnel w alls  were re sp o n s ib le , a t  l e a s t  
p a r t ly ,  fo r  the  d if fe re n c e s . This susp ic ion  was s treng thened  by an examin­
a t io n  of the geometry of the v a rio u s  se ts -u p , f o r  i t  appeared th a t  the la rg e r  
th e  cy lin d e r  compared w ith  the  tunnel c ro ss  s e c tio n , the  h ig h er was the heat 
t r a n s f e r .
There i s  a th e o re t ic a l  so lu tio n  a v a ila b le  f o r  th e  flow  round a c i r c u la r  
c y lin d e r  in  a stream  confined  between two p a r a l l e l  w a lls ;  i t  i s  solved by 
Lamb (7 )  u s in g  the method o f images and by P ie rc y  ( 5 ) u sin g  the method of 
conformal tran sfo rm atio n . The so lu tio n  shows, as would be expected , th a t  
the flow  p a s t  the c y lin d e r  i s  a c c e le ra te d .
Prom the equations the v e lo c i ty  d is t r ib u t io n  in  a p lane through the 
cy lin d e r  c e n tr e - l in e  normal to  the flow  can be deduced, and in  what follow s 
the th e o re t ic a l  d is t r ib u t io n  i s  compared w ith  the a c tu a l v e lo c i ty  d is t r ib u t io n  
f o r  two p a r t i c u la r  cases. These v e lo c ity  d is t r ib u t io n s  were measured in  an 
e x a c tly  s im ila r  manner as p rev io u s ones; read in g s  were taken  on b o th  s ides 
of the c y lin d e r  and averaged.
P ig . 7,1 shows the  th e o re t ic a l  r e s u l t s  f o r  a c y lin d e r  immersed in  an 
i n f i n i t e  stream  and f o r  two cases of flow  between p a r a l l e l  w a lls , one where
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the  r a t io  o f the d is ta n c e  between the w a lls  to  the c y lin d e r  d iam eter, ( th e  
^  r a t i o ) ,  i s  12*8, and one where i t  i s  5.33 . The d iffe re n c e  between the 
~  = OO case and the  ~  = 12.8  case i s  sm all, bu t f<or ^  = 5*33 , the 
d if fe re n c e s  become ap p re c iab le , v iz , about 3 $  a t  the c y lin d e r  and 4  o r 5 % 
a t  the w a lls .
F ig , 7 .2  shows the th e o r e t ic a l  v e lo c ity  d is t r ib u t io n  f o r  ~  -  12,8
compared w ith  th e  ac tu a l d is t r ib u t io n  measured in  the tunnel a t  Re = 22,400.
The d iffe re n c e  i s  co n sid e rab le . I t  a r is e s  m ainly from the  f a c t  th a t ,  owing 
to  the sep a ra tio n  of the boundary la y e r  on th e  c y lin d e r  a t  about 80° from the 
forw ard s ta g n a tio n  p o in t ,  the  p re ssu re  c o e f f ic ie n t  a t  the 90° p o in t i s  much 
h ig h e r  than the  th e o re t ic a l  value of -3 .0  ( f o r  an i n f in i t e  s tream ). This 
means th a t  the  v e lo c i ty  must be much lower than  th e  th e o r e t ic a l .  The g rea t 
red u c tio n  in  the  v e lo c i t ie s  n ea r th e  c y lin d e r  must r e s u l t  in  in c rea se s  
f u r th e r  out in  the  stream  in  o rd er th a t  the  equ a tio n  of c o n tin u ity  may be 
s a t i s f i e d .
F ig . 7.3 i s  an enlargement of p a r t  , of f ig .  7 .2  so th a t  i t  may be more 
e a s i ly  compared w ith  f i g .  7 .4 , which shows th e o re t ic a l  and measured ( a t  Re = 
22,400) v e lo c i ty  d is t r ib u t io n s  fo r  the  case ~  = 5.33 • Here the ag ree­
ment w ith  the  p o te n t ia l  flow  i s  much b e t t e r .  The r e s u l t  i s  th a t  when the
r a t i o  5  i s  reduced from 12.8  to  5. 33 , the v e lo c ity  r a t i o  a t  the c y lin d e r ,a  v0
in s te a d  o f in c rea s in g  from 2.014 to  2,056 as p re d ic te d  by th eo ry , an in crease  
of about 2 <fo9 in c re a se s  from about 1,3  to  1, 6 , an in c rea se  of over 20 70
These r e s u l t s  le d  to  the  measurement of th e  p re ssu re  d is t r ib u t io n s  
over the c y lin d e rs . For th ese  t e s t s  Wo s te e l  p ip es  were tak en , cu t to  
len g th  and tu rn ed  to  a f a i r l y  smooth f in i s h  in  the  l a th e ,  one to  3 i n . ,  the
-j
o th e r  to  1^  in .  d iam eter. A sm all hole in .  d iam eter was d r i l l e d  in
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each halfway along i t s  le n g th , and the  ends were sealed  w ith  wooden p lu g s, 
w e ll glued in  p lace  to  ensure th a t  the s e a l was a i r - t i g h t ,  A p iece  of g lass  
tubing  was f ix e d  c e n tr a l ly  in  one end and, when the cy lin d e r  was in  p lace  in  
th e  tu n n e l, t h i s  passed through a hole in  the tunnel f lo o r .  At the o th er 
end the wooden p lug  which was f i t t e d  had a c e n tra l  sp ind le  which passed 
through a ho le  in  the roo f of the tunnel. T his sp ind le  was f i t t e d  w ith  a 
p o in te r  which moved over a 6 in ,  diam eter p r o tr a c to r  f ix e d  to  th e  ou tside  of 
the tunnel ro o f. Thus the  c y lin d e r  could be ro ta te d  about i t s  a x is  and by 
a tta c h in g  the  C ase lla  gauge to  the  g la ss  tub ing  a t  the  low er end, the p ressu re  
a t  any angle could  be measured.
The p ressu re  d is t r ib u t io n s  over the  in ,  d ia ,  c y lin d e r , ( Ij- = 12 .8 ), 
and the 3 in , d ia . c y lin d e r , ( ^  = 5 .3 3 ) , bo th  measured a t  He = 22,400 are 
shown in  f ig ,  7 .5  • These confirm  the  p rev ious v e lo c i ty  d is t r ib u t io n
c u rv es , showing th a t  the  p ressu re  c o e f f ic ie n t  f o r  the ^  = 5.33 case i s  
everywhere below th a t  f o r  the case 2. = 12,8 • Over the f i r s t  60° th is
means th a t  the 2 . = 5,33  i s  n e a re r  to  the th e o re t ic a l  p ressu re  d is t r ib u t io n
f o r  p o te n t ia l  flow . This in  tu rn  means th a t  the th ick n ess  of the  boundary 
la y e r  in  t h i s  reg io n  i s  l e s s ,  f o r  th e  s tream lin es  a re  not d isp laced  so much.
In  th e  r e a r  of the c y lin d e r  the low er p re ssu re  c o e f f ic ie n t  means th a t 
the  v e lo c i t ie s  n ear the c y lin d e r  a re  h ig h e r , i . e .  th a t  th e  v o r tic e s  are 
s tro n g e r.
F in a l ly ,  a lthough  the p o in t of minimum p re ssu re  i s  not sen s ib ly  moved, 
th e  p re ssu re  d i s t r ib u t io n  f o r  the  ~  = 5.33  case i s  begihning to  take on the
form  a s so c ia ted  w ith  .the very  e a r ly  p a r t  of th e  c r i t i c a l  range. This i s  
u n d erlin e d  by the marked in f le x io n  ju s t  a f t e r  th e  p re ssu re  minimum, a 
c h a r a c te r is t ic  g e n e ra lly  in te rp re te d  as an in d ic a tio n  th a t  the t r a n s i t io n  to
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tu rbu lence in  the boundary la y e r  has taken p lace  befo re  sep a ra tio n .
The above work has dem onstrated the e f f e c t  of the tunnel w a lls  on the 
flow . As the  r a t io  ~  i s  decreased  the v e lo c i t ie s  around th e  cy lin d e r  
become h ig h e r, the  p re ssu re s  a t  the  back decrease ( re s u l t in g  o f course in  
an in c rease  in  d ra g ) , and the s tre n g th  of the v o r tic e s  in c re a se s . Owing to
th e  in creased  v e lo c i t i e s ,  the boundary la y e r  on the  forward p a r t  of the
o
c y lin d e r  i s  seen to  be th in n e r , the scouring e f f e c t  of the re a r  v o r tic e s  i s  
g r e a te r ,  and th e re  i s  an in d ic a tio n  th a t  the decrease in  th e  r a t i o  ^  low ers, 
p robab ly  co n s id e rab ly , the c r i t i c a l  Re.
A ll th i s  p o in ts  to  an in creased  h ea t t r a n s f e r .
A f u r th e r  question  a r i s e s  in  th a t  i t  i s  p o ss ib le  th a t  the cond itions
a t  the boundary might a f fe c t  the  flow  and the h ea t t r a n s f e r .  To examine 
t h i s ,  t e s t s  were c a r r ie d  out on two cy lin d e rs  i  in .  d iam eter, and 2 in , 
d iam eter, co n s tru c ted  e s s e n t ia l ly  as befo re  and mounted in  the stream  from a 
sm all open-.1st w ind-tunnel. Both cy lin d e rs  were provided w ith  en d -p la tes  
2-|r in .  ap a rt and they  were mounted so th a t  the forw ard s ta g n a tio n  p o in t was 
a t  the ce n tre  of the j e t ,  7 in .  from the e x i t .  Before the t e s t s  were made, 
th e  small tunnel was c a lib ra te d  by measuring the average v e lo c ity  in  the 
c e n tre  of the  j e t  a t  the p o in t where the c y lin d e r  was to  be mounted, and 
p lo t t in g  th i s  a g a in s t the s t a t i c  p ressu re  upstream  from the c o n tra c tio n .
T his c a l ib r a t io n  was s im ila r  to  the  one on the la rg e  tunnel ; the  re s u l t in g  
curves are g iven  in  f ig ,  7 ,7  »
The p ressu re  curves are  given in  f ig .  7*8 to g e th e r  w ith  the curve fo r  
the  c lo sed  tu n n e l, ^  = 12.8 .
The g en era l in fe ren ces  to  be drawn from these  curves fo llow  the l in e s
84.
o f those above. The only a d d itio n a l comments to  be made are ♦
.(a) the  e f fe c t  of overloading an o p en -je t tunnel seems to  be opposite
to  th a t  in  a c lo s e d - je t  tu n n e l, i . e .  the lower the  ~  the low er 
a re  the v e lo c i t ie s  around the cy lin d e r .
(b ) the p re ssu re  c o e f f ic ie n t  over a c y lin d e r  in  an o p en -je t tunnel 
i s  everywhere h ig h er f o r  comparable —■ than  in  a c lo s e d - je t  
tu n n e l.
The second p o in t ,  (b ) w i l l  be mentioned l a t e r  because i t  means th a t ,  
i f  the h ea t t r a n s fe r  measured in  a c lo s e d - je t  wind tunnel d i f f e r s  from th a t
measured in  an op en -je t tu n n e l, i t  should be h ig h er.
85.
A P P E N D I X
Mathematical Notes 
In  th is  appendix some o f the formulae used in  Chap, 7 are d erived . 
The stream fu n ctio n  fo r  a c irc u la r  cy lin d er  i s  obtained by super­
imposing a uniform  p a r a l le l  flow and the flow  due to  a d ou b let. In  polar  
coord in ates ( , 0. ) ^he r e su lt in g  exp ression  fo r  a c y lin d e r , centre the
o r ig in  becomes
where ^  i s  the radius o f the cy lin d er  and i s  the v e lo c i t y  of
the stream,
Hence
z
Cod 6 .V ' r a d ia l
V
tang. ~
At 6 =  <\o°) yr >  0
Thus
This formula was used in  the c a lc u la tio n s  fo r  f i g ,  7*1
I t  i s  convenient here to  derive a formula which w i l l  be needed la t e r
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f o r  the p re ssu re  d is t r ib u t io n  along the s tag n a tio n  s tream lin e , (see  Chap, 18) 
Since
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The second problem i s  to  f in d  the eq u atio n s f o r  the flow  round a 
c i r c u la r  c y lin d e r  mid-way between two p a r a l l e l  w a lls .
Using the method of conformal tran sfo rm atio n , l e t  the c i r c le  be a t
-4- 1 p \
th e  o r ig in  of the Z  -p lane and suppose the w a lls  are  a t  Z =  — 2 
The tran sfo rm atio n  req u ire d  i s
jt/VA.t =  X'U.T.'
where ; 7 ' =  ~xJ ^ m / *  x  , i  Y
^ D D
g 7
yz -  p l a n e .
ElG. 7.9. ILLUSTRATION OP TRANSFORMATION.
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f o r ,  u sing  p o la rs  in  the fc -p lane
JU-t. + i  0 = '2 it (x ,+ ^ ' )
or SIaa.. 'f =  i'TT DC1 6  — ^  ^
The im aginary a x is  of the 21-p la n e , ( X  = 0 ) ,  i s  thus seen to  become 
a c i r c l e  cen tre  o r ig in ,  rad iu s  u n ity ,  in  the t  -p la n e . A lso, s in ce  when
^ - O  . 0 - 0
/u .1 1  D
U n  )
the p o s it iv e  part o f the r e a l a x is  in  the t -p lane corresponds to  the whole 
o f the r e a l a x is  in  the 2  -p la n e , and the l in e s  D  in  the Z  -p lane
transform  to  the n eg a tiv e  h a lf  o f the r e a l a x is  in  the t  -p lan e.
I t  i s  thus seen th a t  the whole of the  t  -p lane transform s in to  a
s t r i p  of w id th  D in  the  -p la n e , (see  f ig .  7o9).
I t  i s  easy  to  see th a t ,  s in ce  p a r a l l e l  l in e s  in  the 2  -p lane  ( l in e s  
yh = c o n s t.)  tran sfo rm  to  r a d ia l  l in e s  in  the fc -p la n e , a uniform  p a r a l le l
bflo w  in  the Z -p lan e transforms to  a source a t the o r ig in  in  the e -p lane. 
A lso , s in ce  a source or sink a t the o r ig in  o f the Z. -p lane must transform  
to  a source or sin k  a t the corresponding p o in t ( fc = 1) in  the fc -plane  
the same must be true o f a d ou b let, although fo r  the doublet the stren gth  in  
the fc -p lane w i l l  be d if fe r e n t  from th at in  the Z -p lane.
Thus i f  in  the Z  -p lane there i s  a uniform flow  V0 and a doublet o f 
stren g th  ^10 then in  the fc -p lane the p o te n tia l fu n ction
w i l l  be
= Vq D  . _u ^
2 n  ' 2 n ( l r -  0
Thus in  the  % -p lane
W \' Z. -i_ l l?  . ------- !----------
2  i t  £ 2/n z '
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To solve th e  problem, *^"Z/V o  i s  found from  equation  ( i i )  by 
s u b s t i tu t in g  a^-0 «■ *f0 =  \ c ,  D * The value found i s  then  su b s titu te d
i n  equation  ( i i i )  whereupon th e  r a t io  v/v Q can be c a lc u la te d  f o r  any value 
of ^ / d  * T his c a lc u la tio n  extends from ^  =• k .  to  a^ 4 ®  Yt.
T his i s  the form ula used in  th e  c a lc u la tio n s  f o r  fig*. 7*1, 7*2, 7*3,
7 .4  .
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C H A P T E R  VIII
Proposed New C orre la tion .
In  the prev ious chapter i t  has been shown th at the e f f e c t  o f the 
tunnel w a lls  on the flo w  i s  quite ap p rec iab le , s u f f ic ie n t  in  fa c t  to  j u s t i f y  
a c r i t i c a l  exam ination o f the a v a ila b le  data to see i f  any r e la t io n sh ip  
emerges*
The e f f e c t  o f the tunnel w a lls  i s  to  in crease  the heat tra n sfer  as the 
s iz e  o f the cy lin d er  in crea ses  r e la t iv e  to  the d istan ce  between the w a lls .
To a llow  fo r  the geometry o f the system a d im ension less number i s  required  
which may be used to reduce the measured Hu to  the eq u iva len t Hu fo r  on 
in f in i t e  stream . I f  such a number e x i s t s ,  then on incorporatin g  i t  in  the 
c o r r e la tio n  a l l  data should l i e  on one curve. The number must involve  the 
diam eter o f the cy lin d er  and the d istan ce  between the tunnel w a l ls ,  and 
fu r th e r , i t  must tend to u n ity  as the cy lin d er  becomes sm all when compared 
w ith  the d is ta n ce  between the w a lls .
Such a number i s
fo r  i f  d i s  f ix e d
as D —> , ( 1 -  g- ) ---- ^  1
Prom an exam ination o f the l i t e r a t u r e ,  r e s u lt s  have" been taken from 
the work o f Hughes, G ibson, and Small w hich, togeth er  w ith  the present work 
provide data fo r  the fo llo w in g  va lu es o f ^  :
212, 113, 4 7 .4 , 18, 12.8 , 8, 3 .9 , 5.33
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These d a ta  have been c a re fu l ly  re c a lc u la te d  and p lo t te d . The graphs
4x»& inc lu d ed  as F ig . 8 .1 , 8 .2 , 8 ,3  •
The agreement between Hughes* r e s u l t s  fo r  = 212, 113, 4 7 .4 ,
i s  very  good. I t  should be noted -how the slope changes around Re = 10,000.
Hughes r e s u l t s  fo r  ^  = 18 d isp la y  the  same change of s lo p e , and below
Re = 10,000 the  slope i s  the same as fo r  the h ig h er values of ~  .
The agreement between Sm all’ s r e s u l t s  f o r  ~  = 3.9 and Hugh.es’
f o r  s' 5.33 i s  s tr ik in g .  This l in e  i s  p a r a l le l ,  to  th e  l in e  drawn
through G-ibson* s r e s u l t s  fo r  ~  = 12.8 and Hughes’ f o r  ^  = 18.
Since the l in e s  are p a r a l l e l ,  a comparison may be made by c ro s s -
p lo t t in g  a t  any Re. The value taken i s  Re = 10,000, and in  f ig .  8 .4
clv a lu es  of lo g  Nu are  p lo t te d  ag a in s t lo g  (1 -  — ).
I f  the p o in t f o r  ^  = 18 i s  n e g lec te d , a good s t r a ig h t  l in e  may be
drawn through the rem aining seven p o in ts . The p re sen t w r i te r  f e e ls  j u s t i ­
f ie d  in  d is reg a rd in g  th is  one p o in t because i f  i t  i s  taken  in to  account the 
value fo r  th e  Nu a t  Re = 10,000 when ij* i s  la rg e  ( i . e .  f o r  an in f in i t e
stream ) w i l l  l i e  below the value measured by H ilp e r t ,  whose r e s u l t s  are  fo r
a  c y lin d e r  in  an open j e t .  The p rev ious ch ap te r showed th a t  i f  any d i f f e r ­
ence occurred  i t  should be the o th e r way round. I f  th is  p o in t i s  neg lec ted , 
the value f o r  la rg e  £  l i e s  very  near to  th a t  of H ilp e r t.
From f ig .  8 .4  i t  appears th a t  a t  Re = 10,000
Nu = 1.7( 1 -  |  r 2*75   (8 .1 )
and the  value 1,7 i s  of course the Nu f o r  an in f in i t e  stream . Thus the 
r e la t io n s h ip  i s
E qu ivalen t Nu = Nu (1 -  ~  )^.75     (8 .2 )
( f o r  i n f in i t e  stream )
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(3. 2 75Fig# 8 .5  i s  a new c o r re la t io n  in  which values of Nu(1 -  5  ) * are 
p lo t te d  ag a in st Re and compared w ith  the (unco rrec ted ) d a ta  of H ilpert*
T his graph should he compared w ith  the p rev ious c o r re la t io n ,  f ig .  6*5 • I t  
w i l l  be remembered th a t  on th is  e a r l i e r  graph the d isp e rs io n  was such th a t 
the  d a ta  of Small were 75$ above those  of Hughes* F ig . 8 .5  shows th a t  w ith  
a c o r re la t io n  o f the  form
Nu( 1 )2,75 = 0 x  Re®     (8 .3 )
th e  d isp e rs io n  i s  reduced to  — 10$ • The follow ing va lues have been 
deduced f o r  the  co n s ta n ts  C and m*
. C m.
1,000 <c Re <  10,000 0 .468 0.504
10,000 <  Re <c 100,000 0.109 0.662
As w i l l  be seen from f ig .  2*5, which i s  taken  from McAdams, th e re  are 
d a ta  w ith in  t h i s  range of Re from o th e r workers no t mentioned in  Chap. 2. 
These should be mentioned h e re .
Vornehirf s  r e s u l t s  are quoted by Ulsamer (103) who gives no d e ta i l s  
about the experim ental set-up*
R eiher (84) and Benke (13) b o th  worked w ith  c y lin d e rs  in  stream s of 
h o t a ir*  The tem perature d iffe re n c e  in  b o th  these  re sea rch es  was th e re fo re  
in  the o p p o site  d ire c tio n  to  the  work here  considered . I t  i s  known from 
o th e r  h ea t t r a n s f e r  problems th a t  th i s  g e n e ra lly  g ives r i s e  to  a d iffe ren ce  
i n  the d a ta . Hence th e  r e s u l t s  of R eiher and Benke were not used here .
Drew and Ryan, d esc rib in g  experim ents by P a l tz  and S ta r r ,  g ive no 
com plete d a ta , (29) ,  b u t promise to  do so in  a fu tu re  paper. The present 
w r i te r  has been unable to  tra c e  t h i s  paper. However, McAdams, who probably 
had access to  the  th e s is  of P a l tz  and S ta r r ,  g ives a few p o in ts  on h is
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c o r re la t io n  (se e  f ig ,  2 ,5 ) and one of these  checks w ith  the  s in g le  value 
quoted by Drew and Ryan. Assuming th a t  the rem aining p o in ts  a re  c o r re c tly  
p lo t te d ,  th e  p re se n t au thor f in d s  th a t  a l in e  drawn through th i s  d a ta  l i e s  
p a r a l l e l  to  the  r e s u l t s  given above and a t  Re = 10,000, Nu = 63 (a p p ro x .). 
T h is p o in t has been p lo t te d  in  f i g ,  8 ,4  and i t  i s  seen th a t  i t  f i t s  w ith  the 
p rev io u sly  drawn l in e ,
Yfith re fe ren ce  to  the work in  which open j e t s  were used, th e re  are  
in s u f f ic ie n t  d a ta  to  j u s t i f y  any a ttem pt to  f in d  a rela.tionsh.ip  of the  form 
used above f o r  the  c lo sed  j e t  work. The open j e t s  used by Goukmann (39 , 40) 
and K ru j i l in  (61 , 62) wqtq c i r c u la r ,  those by H ilp e r t  and Schmidt and ¥ennor 
were re c ta n g u la r , and th a t  by G eid t, square, F u r th e r  K ru jil in  and G eidt only 
found "spot" v a lu e s , th e  o b jec t of t h e i r  research es  b e ing  to  dem onstrate how 
th e  d is t r ib u t io n  of h ea t f lu x  changes a t  the c r i t i c a l  Re. F u rth e r com plica­
t io n  a r is e s  from the f a c t  th a t  most of these  experim enters worked in  the 
c r i t i c a l  range of Re.
Very re c e n tly , Robinson and Han (85) have in v e s tig a te d  the hea t 
t r a n s f e r  from  s in g le  c y lin d e rs  in  narrow d u c ts  in  connection  w ith  the coo ling  
o f e le c tro n ic  equipment. T e s ts  were c a r r ie d  out w ith  ^  r a t io s  of 1 .33 , 2 ,00 , 
2 .33 , 2 .6 7 , and 4 .00 , No d a ta  i s  given in  t h e i r  paper b u t the au thors show 
on a graph th a t  the d a ta  f o r  these  t e s t s  c o r re la te  i f  the  measured Nu i s  
d iv ided  by a f a c to r
F ig . 8 .6  shows th i s  c o r re la t io n  compared w ith  th a t  of the  p resen t 
w r i te r ,  the l in e  being  drawn in  f u l l  over the range covered and e x trap o la ted
The d isp e rs io n  i s  about — 15 yo
1 0 0 ,
in to  the range covered by the p re sen t th e s is  as a d o tted  l i n e .  This graph 
shows th a t  in  th i s  range the p resen t c o r re la t io n  i s  the c lo s e r  of the two, 
i f  th a t  of Robinson arid Han were app lied  to  the d a ta  c o l le c te d  in  th is  th e s is  
a d isp e rs io n  of about 26 c/o would s t i l l  rem ain.
Of the two numbers ( l  + ) and (1 -  — ) the  p resen t au th o r p re fe rs
th e  second* In  the  l im itin g  case where the d iam eter of th e  C ylinder approach­
es  the  w idth of the  tu n n e l, the tunnel becomes b locked and the flow  w il l  
become very small* Considering the  two numbers in  th i s  case \
A s, . d ^  D
The second of th ese  seems more c o n s is te n t w ith  the fac ts*
101.
C H A P T E R  n
Conclusion to  P a r t One.
Experim ents have been rep o rted  here  on the h ea t t r a n s f e r  from an 
e l e c t r i c a l l y  heated  s in g le  cy lin d e r  mounted normal to  the a ir -s tre a m  in  a 
c lo s e d - je t  wind tu n n e l, and equations have been p resen ted  which d escrib e  the 
v a r ia t io n  of the  h ea t t r a n s f e r  c o e f f ic ie n t  w ith  v e lo c i ty  and the R u sse lt 
number w ith  the Reynolds number. Comparison of th is  work w ith  th a t  of 
p rev io u s  experim enters has revealed  se rio u s  d isc re p an c ie s .
In v e s t ig a t io n  of the u su a l statem ent th a t  these  d isc rep an c ies  are due 
to  tu rbu lence in  the  a ir -s tre a m  has shown th a t  th i s  i s  not so . Experiments 
in  which co n sid e rab le  su p er-tu rb u len ce  was generated  in  the a ir -s tre a m  ju s t  
b e fo re  i t  reached the t e s t  c y lin d e r  revealed  th a t  in  no case was th e  hea t 
t r a n s f e r  in c reased  by more than  2^/c. This i s  much le s s  than  the  d isp e rs io n  
o f the  d a ta  and in  any case i t  i s  no t reasonab le  to  suppose th a t  turbulence 
o f the  sca le  used in  these  experim ents was p re se n t in  any of the  w ind-tunnels 
p rev io u s ly  used. • T ests  w ith  a mesh and g r id  which c re a te  tu rbu lence  of 
approxim ately the same sca le  as  th a t  found in  w ind-tunnels gave an increase  
o f only 7 fo
I t  i s  suggested in  th is  th e s is  th a t  the d isp e rs io n  of the d a ta  i s  due 
to  the  e f f e c ts  of the flow  boundaries. Plow measurements c a r r ie d  out in  
the  w ind-tunnel have supported  th is  h y p o th esis , showing th a t  as the s iz e  of 
the  c y lin d e r  in c re a se s  w ith  re sp ec t to  the  d is tan ce  between the w a lls  of the
1 0 2 .
tu n n e l, the  changes in  the  v e lo c i ty  d is t r ib u t io n  near the  c y lin d e r  are much 
g re a te r  than  those p re d ic te d  by theory . F u rth e r experim ents have shown th a t  
the boundary la y e r  th ick n ess  decreases and the  scouring e f f e c t  of the v o r tic e s  
a t  the  r e a r  of the c y lin d e r  becomes more in te n se  as the c y lin d e r  s ize  
in c re a se s . These e f fe c ts  c le a r ly  p o in t to  an in creased  h ea t t r a n s fe r .
Encouraged by these  r e s u l t s ,  the  p re sen t w r i te r  has examined c r i t i c a l l y  
th e  e x is t in g  d a ta  from experim ents in  which w ind-tunne ls were used w ith  the 
o b je c t of deducing, i f  p o s s ib le , some re la t io n s h ip  between the h e a t t ra n s fe r  
and th e  geometry of th e  se ts -u p . The method adopted was to  c o n s tru c t a 
d im ensionless number which d escrib ed  the geometry of the apparatus and which 
cou ld  be used to  convert r e s u l t s  to  eq u iva len t v a lu es  f o r  an i n f i n i t e  stream . 
The number used was (1 -  ^  ) and i t  has been shown th a t  on using  t h i s  a 
r e la t io n s h ip  does in  f a c t  emerge.
Using t h i s ,  a new c o r re la t io n  has been p resen ted  which reduces the 
d isp e rs io n  of the d a ta  to  an amount which may reasonably  be a t t r ib u te d  to  
the  e f f e c ts  o f tu rbu lence in  the a ir -s tre a m s  and general experim ental e r ro r s .
P A R T  T WO
THE FIRMED CYLINDERS
1 0 3 .
C H A P T E R  X
T h eoretica l Work.
When heat i s  being tran sferred  from one f lu id  to  another through a 
d iv id in g  w a ll ,  the o v e ra ll heat tr a n sfe r  c o e f f ic ie n t  i s  determined by the sum 
o f the p a r t ia l  thermal r e s is ta n c e s , i . e .  the h o t -s id e  f i lm  convection  
r e s is ta n c e , the v /a ll conduction r e s is ta n c e  and the c o ld -s id e  f ilm  convection  
r e s is ta n c e . In  many a p p lica tio n s  i t  happens th at the conduction re s is ta n c e  
i s  much sm aller than the convection  r e s is ta n c e s , and in  order to  in crease  
app reciab ly  the heat tra n sfer  i t  i s  more important th at the f ilm  r e s is ta n c e s  
be reduced than the conduction r e s is ta n c e .
The thermal r es is ta n c e  o f a f i lm  i s  g iven  by
R = o
and i t  i s  seen a t once that in  order to reduce t h is  quantity e ith e r  the heat 
tr a n sfe r  c o e f f ic ie n t  or the area o f the tran sm ittin g  surface must be increased .
The heat tra n sfer  c o e f f ic ie n t  may be increased  by generating  
turbulence or super-turbulence in  the f lu id  flow ing over the heat tra n sfer  
su rfa ce . The e f f e c t  o f th is  i s  f i r s t  to  encourage the tr a n s it io n  from a 
lam inar to  a turbulent boundary la y e r  and th er e a fte r  to  in crease  the mixing 
which tak es p lace  in  the outer p a rts  o f the turbulent boundary la y e r .
C onsiderable in c reases  in  h ea t t r a n s f e r  may be obtained  in  th is  way 
w ith  f lu id s  flow ing in  p ip es  because in  th i s  case the whole of the  f lu id  i s  
under co n tro l and may be made to  r o ta te ,  as w ith  turbulence prom otors, o r 
v io le n t ly  d is tu rb e d  by rep ea ted  a c c e le ra tio n s  and d e c e le ra tio n s , as Y/ith .
104.
dimpled tu b es. The in crease  in  heat tra n sfer  i s  u su a lly  accompanied by a 
comparable in crea se  in  pressure drop.
With what may be c a lle d  "outside" flow s i t  may not be p ra c tica b le  or 
p r o fita b le  to  d istu rb  the f lu id  in  t h is  way, In  a d d itio n , the in crease  in  
heat tra n sfer  can depend upon the shape o f the body, fo r  th is  determ ines the 
s t a b i l i t y  o f the boundary la y e r  and consequently i t s  behaviour under the 
in f lu en ce  o f d isturb ances in  the flo w . I t  has been shown e a r lie r  th at w ith  
the problem w ith  th ich  th is  th e s is  i s  concerned, th at o f a c ir c u la r  c y lin d er , 
con sid erab le  super-turbulence i s  n ecessary  to achieve an increase in  heat 
tr a n sfe r  o f the order of 25 $
More o ften  in  th ese ca ses  the second method i s  used , in  which the area  
o f the tran sm ittin g  surface i s  increased  by adding f in s  or sp in es . This 
g r e a t ly  com plicates the problem and r a is e s  severa l important q u estion s.
S tated  in  terms of the p resen t problem, the question  which has to  be 
answered in  a p r a c t ic a l case i s  :
G-iven the temperature o f  the in s id e  surface of a c ir c u la r  cy lin d er  and the 
heat tra n sfer  c o e f f ic ie n t  at the outer su rfa ce , c a lc u la te  the ra te  of heat 
tr a n s fe r  from the outer su rface. To carry out the C alcu lation  i t  i s  
n ecessa ry  to f in d  the temperature o f  the outer su r fa ce , and to do th is  the 
conduction equation fo r  the heat flow  through the w a ll must be so lv ed . For 
the p la in  cy lin d er  th is  c a lc u la tio n  i s  easy  : fo r  the finned cy lin d er  i t  i s
r e la t iv e ly  d i f f i c u l t .
I t  i s  now c le a r  th a t when d ea lin g  w ith  the problem o f the tra n sfer  of  
heat from a finned  c y lin d e r , two quite d i f f i c u l t  problems a r is e .  The f i r s t  
in v o lv es  the c a lc u la t io n  o f the flow  o f heat by conduction through the base  
o f the c y lin d er  and the f i n s ,  the second the experim ental determ ination of
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the  h e a t t r a n s fe r  c o e f f ic ie n t  a t  the su rfac e , (experim ental because the 
experience gained from  the work on the  sim pler problem of a p la in  cy lin d e r  
su g g ests  th a t  i t  i s  u n lik e ly  th a t  a th e o re t ic a l  c a lc u la tio n  could be made ),
The problems a re , of co u rse , not independent, fo r  the conduction 
equation  must involve the r a te  of h ea t lo s s  from the su rfa c e , i . e .  the h ea t 
t r a n s f e r  c o e f f ic ie n t .  Thus although , as w il l  be seen below, i t  i s  p o ss ib le  
to  c a rry  out the c a lc u la tio n s  fo r  conduction through a g re a t v a r ie ty  of 
extended su rfa c e s , c e r ta in  sim p lify ing  assum ptions have to  be made, and i t  i s  
im portant to  be ab le  to  say to  what ex ten t these  a f fe c t  the  so lu tio n s .
To take f i r s t  a s in p le  case to  i l l u s t r a t e  the methods used, ( i t  i s  a lso  
convenient to  derive  the  equations f o r  t h i s  case as they  w i l l  be re fe r re d  to  
p r e s e n t ly ) ,  consider the  lo n g itu d in a l f in  of constan t th ic k n ess . The 
fo llow ing  assum ptions w i l l  be made :
( i )  the  hea t t ra n s fe r re d  p e r  u n it  time i s  p ro p o rtio n a l to  the
tem perature d if fe re n c e .
( i i )  the  c o e f f ic ie n t  o f h ea t t r a n s f e r  i s  co n stan t over th e  whole
su rface .
( i i i )  th e  ten p e ra tu re s  are  steady  w ith  re sp e c t to  tim e.
( iv )  the  h ea t flow i s  tw o-dim ensional, i . e .  the tem perature along
any normal to  the d ire c t io n  o f h ea t flow i s  co n sta n t.
(v) the  ten p era tu re  a t  the  base i s  co n s ta n t.
Then r e fe r r in g  to  the d e f in i t io n  sk e tch , f i g .  10 .1 , the fo llow ing  
eq u a tio n s  may be w r i t te n  down :
j-j — — cl 0  ^or h a lf  the  th ick n ess
d x
d H  =  h . 0  o U .
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Prom th ese  two equations the b a s ic  equation i s  found to  be :
d-2 0  _  , 0  _  6
d x 2 k y
The so lu t io n  to  t h is  equation i s
j
= Q e  + C2e
There are two boundary cond itions. The f i r s t  i s  :
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The t o t a l  h ea t tra n s fe r re d  through the  "base of the f i n  i s  
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This i s  the c o rre c t form o f the  so lu tion*  I t  i s  more u su a l to  a l t e r  
th e  second boundary co n d itio n  by saying th a t  i f  th e  f i n  i s  very  long  com­
pared  w ith  i t s  th ick n e ss , then the h e a t lo s s  a t  the t ip  w i l l  be zero . The
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slight loss which must occur at the tip is  accounted for by increasing L_ 
to L = (  L 4  9 The second boundary condition is  then s
a t  3 c =. L.1 d_6 _  O
’ d U
and the s o lu tio n  becomes :
0  0L co^ K . vw( L  — be)
(Undrc v w L
and irv^cu ,. • h w J - t  v w L  . . ------ . . . . . ( 1 0 . 3 )
These are  the so lu tio n s  u su a lly  quoted. An a d d it io n a l  term i s
in troduced  c a l le d  the e f f ic ie n c y . This i s  defined  as the a c tu a l hea t
t r a n s f e r  d iv id ed  by the h ea t t r a n s f e r  which would be ob ta ined  i f  the whole
f i n  su rface  were a t  the ten p e ra tu re  of the b ase , the h e a t t r a n s f e r
c o e f f ic ie n t  rem aining co n s ta n t,
A/
k 0 .  d A
Thus r 'r
O
K A 0b
For the so lu tio n  (1 0 .2 ) th i s  becomes
uf f
-  1 ! c o ^ i v .  W \  6 -  -  3 C.) c L x .
o
v ^ X l
There i s  one im portant deduction  which can be made from the  f u l l  
s o lu t io n  f o r  the lo n g itu d in a l f in .
When d ea lin g  w ith  f in n ed  su rfaces i t  i s  n a tu ra l to  enquire under 
what c ircum stances i t  i s  p ro f i ta b le  to  use f in s ,  A f in  w i l l  be u se le ss  i f  
th e  change in  h ea t t r a n s f e r  w ith  le n g th  a t  the base i s  zero .
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Taking equation  10.1 ,
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Equating th is  to  zero lead s  to  the equation
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The l e f t  hand side  of t h i s  equation  i s  the  f ilm  convection  re s is ta n c e  
and th e  r ig h t  hand side i s  th e  conduction re s is ta n c e  through a w all whose 
th ick n ess  i s  one h a lf  th a t  of the  f i n .  When th ese  a re  e q u a l, the  f in  i s  • 
u s e le s s .  I t  i s  seen then th a t  fo r  f in s  to  he p ro f i ta b le  the  N usselt 
number
K
This value i s  no t s t r i c t l y  accu ra te  as conduction normal to  the 
g en era l h ea t flow d i r e c t io n  was n eg lec ted  above. A more accurate  value i s  
m entioned below.
One of the e a r l i e r  papers on th e  conduction of h ea t through f in s  i s  
a memorandum by G r if f i th s  (M ) pub lished  in  1917. Iu  th is  paper G r if f i th s  
solved the  equations f o r  s e v e ra l f in s  in c lu d in g  those w ith  re c ta n g u la r  and 
tr ia n g u la r  se c tio n s  and those w ith  sec tio n s  bounded by convex and concave 
curved s id e s . He a lso  showed th a t  the  se c tio n  to  give maximum hea t t r a n s fe r  
f o r  a g iven  f i n  weight i s  confined between two parabo las  and th a t  then  the
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tem perature g ra d ien t i s  l in e a r .
In  1923 Harper and Brown (4-5) considerab ly  s im p lif ie d  the design  of 
f in s  by adopting the  method of f in d in g  a so lu tio n  fo r  a  very  p a r t ic u la r  case 
and then  examining the e f f e c ts  of the  sev e ra l r e s t r i c t io n s  by re la x in g  them
one by one, To do th i s  they defined  the q u an tity  in troduced  above as the
f i n  e f f ic ie n c y , ( in  t h e i r  paper they  c a l le d  i t  the f i n  e f fe c tiv e n e s s ) ,
p  ~  ( j )  p  ^ 2  P
where cj) i s  th a t  f o r  the p a r t ic u la r  case a n d  e t c . ,  the
c o rre c tio n s  which become n ecessary  as the r e s t r i c t io n s  a re  removed.
The sp e c ia l case they chose was the lo n g itu d in a l f i n  w ith  co n stan t 
b ase  tem perature as derived  above w ith  the approximate boundary co n d itio n .
The paper re v e a ls  th a t  the only r e s t r i c t io n s  which have any g re a t e f f e c t  on 
th e  e f f ic ie n c y  a re  th a t  the f in  i s  lo n g itu d in a l and th a t  the base tem perature
,/ j f
i s  c o n s ta n t. Graphs are  given from which the c o rre c tio n s  A \(p 9 ^ 2 . 0  e^c *
can be picked o ff  f o r  any given f in ,
r
Schmidt (93) derived  the equations f o r  finned  su rfaces  in  1926.
In  1942* Avrami and L i t t l e  (11) d e a l t  very  g en e ra lly  w ith  the tempera^ 
tu re  d i s t r ib u t io n  in  a lo n g itu d in a l f in  of constan t th ic k n e ss , rep lac in g  a l l  
q u a n t i t ie s  by dim ensionless groups. They defined  th e  b e s t  r a t io  of
( le n g th  /  th ick n ess)  as th a t  f o r  which the h ea t output i s  a maximum fo r  a
given value of the N usselt number 9 (see  above). This optimum value 
becomes zero fo r  a N usselt number of approxim ately 0*8; on ly  fo r  sm aller 
v alues does the f i n  have a cooling  e f f e c t ,  f o r  h ig h er va lues i t  has an 
in s u la t in g  e f f e c t .  Tables were given of optimum len g th s  f o r  given values 
of the N usse lt number.
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G raphical methods of a tta ck in g  the problem have been given by Dunn 
and B o n illa , (3 0 ) , and C a rr ie r  and Anderson, (2 0 ), The a p p lic a tio n  of 
r e la x a t io n  methods has been d e a lt  w ith  by D usihberre (31)
In  1945, Gardner (33) in  a very  comprehensive paper showed th a t ,  
p rov ided  the c ro s s -s e c tio n a l a rea  v a r ie s  as some power of the d is ta n c e  from 
th e  b a se , the equations fo r  any f i n  o r spine can be reduced to  a g en era lised  
B esse l Equation, Curves were given from which the e f f ic ie n c y  a t  any working 
c o n d itio n  can be picked  o ff  f o r  sev e ra l s e c tio n s .
R ecen tly , in  1950, Jakob ( 2) ,  has given a survey o f the  a n a ly tic a l  
so lu tio n s  fo r  many types of f in s  and sp ines to g e th e r  w ith  equations and graphs 
from which an optimum f i n  shape can be c a lc u la te d . "His in te rp r e ta t io n  of an 
optimum f i n  of any se c tio n  i s  the f i n  th a t  g ives a maximum h ea t t r a n s f e r  f o r  
a g iven  m etal w eight. This r e s u l t s  in  f in s  much s h o r te r  than  those given by 
Avrami and L i t t l e ,  The h ea t t r a n s fe r  i s  of course l e s s ,  b u t the h ea t t r a n s ­
f e r  p e r  u n i t  weight i s  h ig h e r and so the  f in s  are  more economical.
Prom the  above survey of the th e o re t ic a l  work on the conduction of 
h e a t through extended su rfaces  i t  w i l l  have been seen th a t  so lu tio n s  are  known 
f o r  alm ost a l l  the cases norm ally met w ith  in  p ra c t ic e .  The question  remains 
as  to  how the assum ptions a f f e c t  these  r e s u l t s ,  i . e .  w hether o r no t they  may 
be used to  p re d ic t  h ea t t r a n s f e r  r a te s .  H arper and Brown have shown th a t 
th e  assum ptions th a t  the  h e a t flow  i s  tw o-dim ensional and .that the lo s s  of 
h e a t a t  the t i p  of the f i n  may be allowed fo r  by adding to  th e  len g th  an 
amount equal to  h a lf  the  f i n  th ick n ess  involve only second-order e r ro r s .
The assum ption which needs most c o n s id e ra tio n  i s  th a t  the h e a t t r a n s f e r  
c o e f f ic ie n t  i s  constan t over the  whole su rfac e , f o r  t h i s  i s  known to  be u n tru e .
113)
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At the p o in t where the f lu id  f i r s t  reaches the  f i n  the h ea t t r a n s fe r
c o e f f ic ie n t  w i l l  be h ig h , owing to  the f a c t  th a t  the  boundary la y e r  a t  the 
le a d in g  edge w i l l  be th in . As the flow  proceeds downstream a lam inar 
boundary la y e r  w i l l  s te a d ily  grow in  th ick n ess and consequently  the  hea t 
t r a n s f e r  c o e f f ic ie n t  w il l  f a l l  u n t i l ,  a t  some p o in t where the t r a n s i t io n  to  
a tu rb u le n t boundary la y e r  takes p la c e , th e re  w i l l  be a sudden in c re a se . 
T h e re a f te r  i t  vri.ll s te a d ily  f a l l ,  a lthough more slow ly than  b e fo re , u n t i l  i t  
reach es  a p r a c t i c a l ly  constan t v a lu e . This s ta te  of a f f a i r s  w i l l  be fu r th e r  
com plicated by the  shape of the f i n  and the e f f e c ts  a r is in g  from th e  i n t e r ­
fe ren ce  between the boundary la y e r  formed on the f i n  surface  and th a t  formed 
on the  base su rfa c e . In  any c ase , v a r ia t io n s ,  p o ss ib ly  co n s id e rab le , in  the 
va lue  of the h ea t t r a n s f e r  c o e f f ic ie n t  may be expected.
These v a r ia tio n s  in  the  h ea t t r a n s f e r  c o e f f ic ie n t  w i l l  n a tu ra l ly  a f f e c t
th e  h ea t flow  in  the f in .  In  the lo n g itu d in a l f i n  considered  above, f o r  
example, the hea t flow w i l l  no lo n g er be p erp en d icu la r to  the  b ase ; th e re  w i l l  
be a d d it io n a l  lo n g itu d in a l flow  from the  downstream to  the  upstream  p a r t s .
F u rth e r d iscu ss io n  of t h i s  p o in t w il l  be re se rv ed  f o r  l a t e r  ch ap te rs .
To complete th i s  c h ap te r, the e q u a tio n  fo r  the  f i n  on which the p re sen t 
work has been c a r r ie d  out w i l l  be d e riv ed . This i s  the c i r c u la r  f i n  of 
co n s ta n t th ick n ess .
Proceeding as b e fo re , exam ination of the  d e f in i t io n  sk e tc h , f ig .  10.2 ,
w i l l  show th a t  the fo llow ing equations may be w r i t te n  down :
H fo r  h a l f  the  f in
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This i s  the m odified B esse l equation  of zero order and i t s  
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C H A P T E R  XI:
Survey o f the Previous Work 
Because, perhaps, o f the com plexity o f the problem and a lso  the 
p ress in g  need w ith  some a p p lica tio n s fo r  data , the problem o f heat tra n sfer  
from fin n ed  cy lin d ers  has not been trea ted  qu ite as sy ste m a tica lly  as i t  
might have been. Frequently experim ents have been ca rr ied  out w ith  a view  
to  checking a s in g le  p o in t , or to provide data fo r  a p a r tic u la r  ca se . For 
example, a great d ea l o f research  has been d irected  a t one o f the a p p lica tio n s  
o f the problem, v iz .  the co o lin g  o f I .C . engine c y lin d e r s , but o ften  on ly  in  
order to  provide r u le s  fo r  d esig n , ra th er  than organised  data on the problem. 
As a r e s u l t ,  although the l it e r a tu r e  on the subject i s  qu ite ex ten s iv e , 
i t  tends to  be ra th er  more p a r tic u la r  than gen era l.
In  1917, Stanton, Booth and Marshall (97) carried  out work on a 
g i l l e d  cy lin d er  in  order to  examine the e f f e c t  o f surface roughness. The 
g i l l s  were 16 mm. w ide, 8 mm. p itc h  and 0 ,5 5  mm, th ic k , and were attached to  
an in su la ted  base cy lin d er  hi in .  diam eter. The apparatus was heated by 
s p l i t t in g  each g i l l  at the rear o f the c y lin d e r , connecting them a l l  in  
s e r ie s  and p a ssin g  an e le c t r ic  current through them. A fter  f i r s t  t e s t s ,  
the g i l l s  were roughened by c u tt in g  serra tio n s  0 .5  mm. deep? 1 ,8  mm. wide.
No in crease  in  heat tra n sfer  was found.
The authors found th at fo r  the experim ents made b efore the f in s  were 
roughened the heat tra n sfer  was g iven  by the em pirical formula :
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H = 0.0057 (1 + 0.0075 t m) • V°‘73 ......... .. (11 .1)
2 owhere H i s  in  B tiy 'f t, C.min.
mean of the ab so lu te  tem peratures 
of the  f in  and the a i r  in  C
i s  the v e lo c ity  of the  a ir -s tre a m  in  m ,p,h, ,
Between 1916 and 1922 d a ta  on the  a ir -c o o lin g  o f engine cy lin d e rs  was 
p re sen ted  in  sev era l papers  by Gibson (37) and Heron (4 6 ). These d a ta  were 
u su a lly  obtained  from a c tu a l engines, sometimes when the  engine was Running 
under power and sometimes when the c y lin d e rs  were hea ted  by c ir c u la t in g  ho t 
w ater through them.
A genera l survey of th is  work has been g iven  by Pye (80 ,81 ) w ith  
re fe ren ce  to  the design of a i r c r a f t  engine c y lin d e rs . The g en era l conclusion 
which he draws i s  th a t  the h ea t d is s ip a t io n  from the b a r re l  w i l l  be given by 
th e  S tanton  form ula, (equation  11 .1 , above) m u ltip lie d  by the e f f ic ie n c y  of 
th e  f i n ,  c a lc u la te d  as shown in  Chapter Ten.
One of the f i r s t  system atic  re search es  on the  su b jec t o f fin n ed  
su rfa ce s  was rep o rte d  in  1929 by Wagener (104)* In  th i s  work experim ents 
were c a r r ie d  out on s tr a ig h t  f in s  20 mm. h ig h , 20 cm. long i n  the d ire c tio n  
o f flow , the spacing  of the f in s  and the a ir -sp e e d  being  v a rie d . Graphs of 
th e  average c o e f f ic ie n t  of h ea t t r a n s f e r  a g a in s t the f i n  spacing showed 
th a t  as the spacing decreased the  c o e f f ic ie n t  ro se  to  a maximum and then 
decreased . As the  v e lo c ity  was decreased  the maximum and the  subsequent 
decrease  in  th e  h e a t t r a n s f e r  c o e f f ic ie n t  occurred a t  la rg e r  f i n  spacings.
T his phenomenon was c o r re c t ly  in fe r re d  to  be due to  in te rfe re n c e  between the 
boundary la y e rs  formed on the f in s .  Using a form ula fo r  the tu rb u len t
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boundary la y e r  as given by von Karman, ¥agener found th a t  the  most e f fe c tiv e  
spacing was about 12 ^  g re a te r  than  the boundary la y e r  th ick n ess , showing 
th a t  in te rfe re n c e  has l i t t l e  e f fe c t  in  the o u te r reg io n s  of the boundary 
la y e r .
S im ila r  experim ents to  these  were rep o rted  by Taylor and Rehbock in  
1930, (101), This work formed the f i r s t  o f a s e r ie s  of re p o r ts  of the 
W.A.C.A. on the coo ling  of a i r c r a f t  engine c y lin d e rs . These re p o rts  w i l l  be 
d e a lt  w ith  to g e th e r .
I n  1932, Schey and Biermann (90) c a r r ie d  out v/ork on a fin n ed  c y lin d e r  
o f base d iam eter A .66 in . w ith -f in s  0 ,6  in  w ide, 0 ,3  in .  p i tc h ,  in  o rd er to  
examine re p o r ts  th a t  the hea t t r a n s f e r  could be in c reased  by in c l in in g  the 
c y lin d e r  to  the  a ir -s tre a m . This they  found to  be tru e  and they  showed 
th a t  the  h ea t t r a n s f e r  was a maximum when the c y lin d e r  was in c lin e d  a t  about 
45°. In  th a t  p o s i t io n ,  f o r  a g iven average tem perature the h e a t in p u t 
cou ld  be in c reased  by 50
I t  i s  p o ss ib le  to  ex p la in  th i s  phenomenon, (See l a t e r  : Chapter 18) 
1934 brought experim ents by Biermann and P in k e l (15) on 18 d if f e re n t  
f in n e d  c y lin d e rs . In  each case the  diam eter of the  base c y lin d e r  was again 
4*66 in .  d iam eter and these  were f i t t e d  w ith  f in s  o f d i f f e r e n t  s e c tio n s , 
r e c ta n g u la r  and tap e red , and v a rio u s  dimensions and spacings. The f in  
th ick n esses  ranged from 0,047 i n  to  0.27 i n . ,  w id ths from 0,37 in .  to  1.47 i n . ,  
and p itc h e s  from  0,10 in .  to  0 .60  in .  This was probably  the  f i r s t  system­
a t i c  a t ta c k  on the  problem o f fin n ed  c y lin d e rs .
Bach c y lin d e r  was heated  in te r n a l ly  by an e l e c t r i c  h e a te r  f i t t e d  w ith  
guard h e a te r s ,  and they were mounted in  tu rn  in  a w ind-tunnel in  which 
speeds from 30 -  150 m .p ,h0 could be ob ta ined .
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il.o attem pt was made to  p re se n t the r e s u l t s  in  d im ensionless form, the 
work being  d ire c te d  m ainly a t  p ro v id in g  values o f h ea t t r a n s f e r  r a t e s  ty p ic a l 
o f a i r c r a f t  engine c y lin d e rs . The au thors concluded th a t the h e a t t ra n s fe r  
c o e f f ic ie n t  depended mainly, upon v e lo c ity  and f i n  spacing and gave em pirica l 
form ulae fo r  th ese  re la t io n s h ip s .
Schey and R o llin  (92) experimented w ith  s im ila r  c y lin d e rs  using  
d i f f e r e n t  b a f f le  arrangem ents. They found th a t  the h e a t t r a n s f e r  could be 
in c reased  by 54 $  w ith  a s h e ll  b a f f le  welded to  the  t ip s  of th e  f in s .
Brevoort and R o llin  (19) examined the a ir - f lo w  around fin n ed  cy lin d ers  
in  1936. They worked w ith  sev e ra l finned  c y lin d e rs , a l l  w ith  a base cy lin d e r 
d iam eter of 4*66 in .  b u t w ith  q u ite  d if f e re n t  geom etries. The f i n  w idths
used were §  i n . , % i n . , 1-g- i n . , and 3 iiw , and in  each case c y lin d e rs  v/ere
1 1 1 1 1te s te d  w ith  p itc h e s  of i n . , y g  i n . , -g- m . , - y  i n . , and - y  m .
V e lo c ity  d is t r ib u t io n s  were taken  along r a d i i  a t  45°* 90° and 135° and are 
p lo t te d  in  the re p o r t .  These graphs p re sen t some in te re s t in g  f a c t s  :
( i )  When the spacing i s  •§• in  or l e s s  the boundary la y e r  i s  seen
to  be very th ick  a t the 90° p o in t , p a r t ic u la r ly  fo r  w idths up
to  1-g- in .
( i i )  For th e §  in .w id th  f in s  the flow  reta rd a tio n  extends r ig h t to
the f i n  t ip s  fo r  the  y g  in .  p i tc h j  f o r  the  J  in ,  w id th  f in s
1 1t h i s  happens w ith  bo th  the —r  in ,  and the in .  p i tc h .
In  g en era l they found th a t  co n d itio n s  were not so c r i t i c a l  to  changes 
i n  f i n  w idth as f o r  changes in  f in  spacing , thus agreeing  w ith  Biermann and 
P ih k e l. Experim ents w ith  v arious b a f f le  arrangem ents showed th a t  the b e s t  
perform ance was given by th e  type recommended by Schey and R o llin .
In  1937, Biermann (14) extended the work o f 1934 w ith  a fu rth er  s e r ie s
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o f experim ents designed to  examine the e f f e c t s  o f very sm all p itch es*  Fins  
were machined in te g r a l w ith  a part o f the base c y lin d er  and the complete 
cy lin d er  formed by sweating togeth er sev era l o f th ese  f in s .  The base  
c y lin d e r  was again 4 .6 6  in , d iam eter, the f in  w idth 1*22 i n . ,  f in  th ick n ess  
0.035  i n . ,  and the f i n  spacing was varied  from 0.131 in .  down to  0*022 in .  
T ests  were carr ied  out w ith  and w ithout b a f f le s  and a lso  w ith  a jack et and 
blow er c o o lin g . The heat tra n sfer  c o e f f ic ie n t  based on the area o f the base 
c y lin d e r  rose s te a d ily  as the p itc h  was decreased u n t i l  i t  reached a maximum 
a t a p itc h  o f about 0.045 in . T hereafter i t  f e l l  r a p id ly .
Schey and E llerb rock  (9 1 ) experimented on the blower c o o lin g  of finned  
cy lin d ers  in  1937, and in  1938 Brevoort (18) showed how the r e s u lt s  of t e s t s  
on such c y lin d er s  may be compared w ith  th ose on heat tra n sfer  from f lu id s  in  
p ip es .
In  1939 the work of the N.A.C.A. was summed up in  a re p o r t  by E l le r ­
b rock  and Biermann (3 2 ). The paper co n ta in s  c o r re la t io n s  of the  v arious 
se ts-u p  te s te d ,  b u t these  are  not d im ension less.
As fa r  as the present work i s  concerned the most important o f these  
papers are the 1934 and 1937 ones by Biermann. Further referen ce  w i l l  be 
made to  th ese .
In  1936, S t i l l  (99) pub lished  a paper which gathered  to g e th e r  inform ­
a t io n  on h ea t t r a n s f e r  f o r  the purpose of a s s is t in g  the  designers  of 
ap p ara tu s . G-illed and finned  su rfa ce s  were d e a l t  w ith , b u t again  the 
approach was to  give approximate f i lm  r a te s  ( i . e .  h e a t - t r a n s f e r  c o e f f ic ie n ts )  
f o r  p a r t ic u la r  cases  and then to  s e le c t  a l ik e ly  value fo r  the case in  hand,
G r if f i th s  and Awberry (43) presented  r e s u lt s  in  1937 fo r  the heat
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t r a n s f e r  from g i l l e d  tubes. This work, was an ex tension  o f t h e i r  e a r l i e r  
work on p la in  tubes and the apparatus was very  s im ila r . The g i l le d  p ipes 
were formed by winding a m etal ribbon  edgewise on to  the p ipe  w ithout w elding, 
except a t  the ends of the s e c tio n , r e s u l t in g  in  a s p ir a l  g i l l  c r in k le d  a t  
i t s  in n e r edge. Four p ipe s iz e s  were te s te d  from  1 in . to  2-J- in .  diam eter 
w ith  g i l l s  vary ing  in  diam eter from 2 in . to  43 in .  This work w i l l  be 
r e fe r re d  to  l a t e r .
Work by Lemmon, Colburn and Wottage ( 69) appeared in  1945 on an 
e l e c t r i c a l l y  h ea ted  b a f f le d  fin n ed  c y lin d e r . The r e s u l t s  were in te rp re te d  
by comparison w ith  r e s u l t s  f o r  flow in  p ip e s . Maximum h ea t t r a n s f e r  r a te s  
were found to  be in  good agreement, b u t average r a te s  were low.
At the same time work appeared by McAdams, D rexel and C-oldey (71) in  
which lo c a l  c o e f f ic ie n ts  of h e a t t r a n s f e r  round a finned  c y lin d e r  were f i r s t  
measured. The method employed was e x a c tly  the same as th a t  e a r l i e r  used by 
Drew and Ryan in  th e i r  experim ents on the p la in  c y lin d e r , (se e  Chapter 2).
The fin n ed  c y lin d e r  was te s te d  w ith  a b a f f le  and a lso  w ith  a ja c k e t. I t  
appeared th a t  the h ea t t r a n s f e r  c o e f f ic ie n t  was low a t  the f r o n t ,  high 
roughly  halfw ay round and low est a t  the  r e a r ,
K atz, B ea tty  and Foust (51) c a r r ie d  out experim ents on h ea t t ra n s fe r  
from  sm all fin n ed  tubes using  steam f o r  h e a tin g . The tubes w ere 'each  3 f t .  
long  and p laced  in  a very  narrow duct the h e ig h t of which was v a ried  from 
t e s t  to  t e s t ,  the  sm alle s t and la r g e s t  be ing  1.00 in .  and 1,5 in . The 
sm a lle s t and la r g e s t  base cy lin d e r  d iam eters were 0,481 in .  and 0.662  in .
The d a ta  were p re sen ted  as a graph of the o v e ra ll c o e f f ic ie n t  of h e a t tra n s fe r  
(based  on the  t o t a l  a rea ) a g a in s t th e  a i r  v e lo c ity  a t  the minimum f re e  c ro ss -
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se c tio n , and agreed f a i r l y  w ell w ith  the equation
h = 0.236 V0*55max.
In  1950, G-hai and Jakob ( 36 ) p re sen ted  r e s u l t s  of the  f i r s t  work to
be c a r r ie d  out on the d is t r ib u t io n  of the  lo c a l  c o e f f ic ie n t  of h ea t t r a n s fe r
over lo n g itu d in a l f in s .  The method adopted was to  a t ta c h  a g re a t number of
thermocouples to  an e l e c t r i c a l ly  hea ted  f i n  and from the tem perature read ings
so ob ta ined  to  solve the th e o re t ic a l  h ea t flow  equation  b y  num erical methods.
The apparatus co n sis ted  cf fo u r s t r a ig h t  f in s .  The f in s  were co n stru c ted
from two rr?? in ,  s ta in le s s  s te e l  p la te s ,  k- in .  X  2 i n . , sep ara ted  by th ree
1sh ee ts  of f ib re -b o a rd  in .  th ic k . Semi-hollow lead in g  and t r a i l i n g  edges
were f i t t e d  to  th e  f in s .  The two middle f in s  were each provided w ith  50 
therm ocouples, and the two o u tsid e  f in s ,  being  only  provided to  ensure c o rre c t 
flow  over the t e s t  f in s ,  w ith  2 thermocouples each, A ll thermocouple lead s  
were taken sway through the hollow  f in s  and the lead in g  and t r a i l i n g  edge- 
piecesp
Each f in  was provided w ith  3 e l e c t r i c  h e a te rs , the  power inpu ts  being  
ad ju sted  to  give a constan t base tem perature and the  f in s  were separa ted  by 
copper b a rs ;  by a l te r in g  the th ick n ess  of th ese  b a rs  the f i n  spacing could 
be v a rie d .
th a t
Considerable v a r ia t io n  of the  hea t t r a n s f e r  c o e f f ic ie n t  was found,
1 1a t  the base of the f i n  being  from  —yjr to  n e a r ly  of th a t  a t  the
3 3 .t i p  as the spacing was reduced from in .  to  in .  Equations were 
p re sen ted  from which the lo c a l  c o e f f ic ie n ts  can be c a lc u la te d  b o th  f o r  the 
re g io n  where the  boundary la y e r  i s  tu rb u le n t and where i t  i s  lam inar.
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1951 brought a paper by W einer, G-ross and P aschkis (105) s im ila r  in  
p r in c ip le  to  th a t  of Ghai and Jakob, In  th is  work the  d is t r ib u t io n  o f the 
lo c a l  c o e f f ic ie n t  of h ea t t r a n s fe r  over c i r c u la r  f in s  was in v e s tig a te d , and 
ag a in  the method used was to  measure a g re a t number of tem peratures on the 
f i n  and then to  solve the conduction equation  by the method of f i n i t e  
d if fe re n c e s .
The apparatus co ncen tra ted  the h ea t flow  in to  a copper cy lin d e r , to  
which were a ttach ed  two f in s  o f ou tside  d iam eter 4 i n . , 0 .05 in . th ic k . 
Twenty-one thermocouples were a ttach ed  to  these  f in s  in  such a way th a t by 
ro ta t in g  the  cy lin d e r the  tem perature could be measured along any rad iu s  a t  
in te rv a ls  of 0.05 in . Around th i s  s h e ll  was f ix e d  a dummy cy lin d e r  of non­
conducting m a te r ia l w ith  fo u r f in s  on e i th e r  s id e  of the two t e s t  f in s .  
Assembled, the  apparatus p resen ted  to  the flow  a cy lin d e r  of base diam eter
1.9 in .  to  which were a ttach ed  co n cen tric  f in s  of o u tsid e  d iam eter 4  i n . ,
3th ick n ess  -jg  in .
The c y lin d e r , heated  in te r n a l ly  by an e l e c t r i c  h e a te r ,  was mounted in  
a c lo se d  c i r c u i t  w ater-channel.
In  g e n e ra l, the r e s u l t s  (which a re  sub jec t to  an estim ated  e r ro r  of 
about 20 c/i due to  experim ental e r ro rs  and e r ro rs  a r is in g  in  the approximate 
method o f c a lc u la tio n )  show th a t  the  h e a t t r a n s f e r  c o e f f ic ie n t  i s  h ig h er 
around the f ro n t of the f in s  than  a t  the r e a r .  Over c e r ta in  areas in  the 
f r o n t ,  the  ex ten t of which seems to  decrease  w ith  in c reased  v e lo c ity , the 
c o e f f ic ie n t  i s  g re a te r  th an  1.5 tim es the average value .
This work and the r e s u l t s  w i l l  be d iscu ssed  in  a l a t e r  ch ap te r.
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C H A P T E R  XI I
D esc rip tio n  of Apparatus
For the work on the  f in n ed  c y lin d e r , much of the  apparatus was the 
same as th a t  used in  the e a r l i e r  work on the p la in  c y lin d e r . The p r in c ip a l 
d iffe re n c e  in  the  se t-u p  was th a t  in  these experim ents the c y lin d e r  d id  not 
extend r ig h t  ac ro ss  the  w ind-tunnel. This made the c o n s tru c tio n  o f the 
c y lin d e r  and i t s  h e a te r  a l i t t l e  e a s ie r .  O ther d iffe re n c e s  w i l l  appear 
below.
The Finned C ylinder
• The t e s t  cy lin d e r  was b u i l t  up from a 2 in .  o u tsid e  d iam eter b ra ss
x c
tube ^  in ,  th ic k ,  8 g  in .  long  to  which were so ldered  15 co n cen tric  
c i r c u la r  f in s  o f o u ts id e  d iam eter 4 in ,  The f in s  were ^  in .  th ic k  and 
p itc h e d  a t ^  in .  Seven tem peratures were measured on each o f the th ree  
middle f in s  a t  in te rv a ls  of 30° from the forw ard s tag n a tio n  p o in t by copper- 
constan tan  therm ocouples. On one f i n  these  were f i t t e d  around the base of 
th e  f i n ,  on an o th er a t  the middle ra d iu s  and on the  th i rd  around th e  outside; 
edge. In  t h i s  way the f i n  su rface  ten p e ra tu re  was measured a t  21 p o in ts  
d is t r ib u te d  over one h a lf  of the  su rface .
The thermocouples were f i t t e d  in  the fo llow ing manner. Seven r a d ia l  
s lo t s  in .  w ide, 0.030 in .  deep were m illed  in  the  su rface  of each f in  and 
seven h o le s  d r i l l e d  a t  th e  ap p ro p ria te  ra d iu s  u sin g  a No. 53 d r i l l .  Each 
thermocouple was th en  pushed in to  i t s  ho le  u n t i l  i t s  head was f lu s h  w ith  the 
smooth su rface  of the f i n  and so ldered  in  th i s  p o s it io n . The le a d s  were then
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threaded through a h o le  d r i l le d  in  the base cy lin d er  to  l in e  up w ith  the s lo t  
and g en tly  p u lled  t ig h t  so th at they la y  snugly in  the s lo t  in  the f in  su rface. 
The dim ensions o f the s lo t  were such that w ith  the two le a d s  s id e  by s id e , the 
s lo t  was p r a c t ic a l ly  f i l l e d .  This d e scr ip tio n  a p p lie s  to  the two f in s  on 
which temperatures were measured at the middle and outer r a d i i .  For the f in  
on which the base temperatures were measured, only  very short s lo t s  were 
m illed  and th ese  subsequently f i l l e d  w ith  so ld er .
The H eaters
The method o f co n stru ctio n  o f the h ea ters was the same as before  but 
the d esign  was improved.
The main heater  was wound on an asb estos paper tube o f len g th  8f- in , 
and i t s  e f f e c t iv e  len g th  was 8 in .  Two v o lta g e  tappings were provided 6 in,, 
ap art, th is  c o n s t itu t in g  the te s t - le n g th , the 1 in , len g th  a t each end a ctin g  
as an extra  guard-heater.
The two guard-plugs, again made from J  in ,  th ic k  a sb estos board, were 
mounted on a brass rod and h eld  a t th e co rrect sp acin g , (6  in . across the 
o u ts id e  fa c e s ) ,  by a len g th  o f g la s s  tubing cut to  le n g th  and threaded on to  
the ro d . Each guard-plug was f i t t e d  w ith  two thermocouples; the lea d s from 
the upper guard-plug passed down through the g la s s  tube and togeth er  w ith  
th ose  from the low er p lug were then taken round the low er plug and ou t.
The guard h eaters pushed on to  the rod and were secured by two n u ts . 
E le c tr ic a l  connections were made through the cen tra l rod , '-to which both  
guard-heaters were earthed , and th e ir  p o s it iv e  le a d s , taken out a t each end 
o f the h ea ter  tube.
!
m .IZ .Z . HEATEHS S t m t  ASSEMBLY.
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When the end-plugs and guard-he ambers were assembled on the rod, i t  was 
pushed in to  the main h eater  tube. The space between the two end-plugs was 
t ig h t ly  packed as before  w ith  a sb esto s  f l u f f  to  prevent free  con vection  
e f f e c t s  and to  reduce the time taken fo r  the r ig  to  s e t t l e  down to  steady  
conditions*
A fter  assembly the main h ea ter  was covered w ith  three la y e rs  o f  
a sb esto s  paper to  in su la te  i t  from the t e s t  cy lin d er  and i t s  thermocouples* 
D e ta ils  o f  the h ea ters  can be seen in  the accompanying diagram, f ig *  12.1 , 
and the photograph, f i g ,  12 .2  ,
The dim ensions o f the main h ea ter  were chosen so th at when i t  was 
pushed in to  the t e s t  cy lin d er  there was ju s t  s u f f ic ie n t  clearance fo r  the 
thermocouple le a d s  from the f i n s ,  which were la id  down the in s id e  o f the 
c y lin d er  and emerged from the bottom . The h ea ter  was h eld  con cen tr ic  w ith  
the cy lin d er  by a sb estos d is c s  a t the top and the bottom , and the space 
between the h ea ter  and cy lin d er  was f i l l e d  w ith  a f in e  in su la t in g  powder*
A diagram o f the assembly o f the h ea ters  and t e s t  cy lin d er  i s  g iven  in  | 
f i g .  12.1 . . |
Gsneral Arrangement* j
When assem bled, the complete c y lin d er  was mounted between two end-
3  . |
boards 8 in* apart. . These end-boards were o f a sb esto s  cement board m* ■
th ic k , 15 in . square, and th e ir  lea d in g  edges were c a r e fu lly  rounded o f f  to  
g iv e  a smooth en try  to  the a ir .  The low er end-board stood on three fa ir e d  
le g s  and the upper one was f i t t e d  w ith  three s im ila r  dummy le g s  fo r  symmetry. 
Thus mounted, the t e s t  cy lin d er  extended across the middle 8 in . o f the 
tu nnel and Was provided w ith  end-boards to  e lim in ate  e n d -e f fe c ts  and ensure
(35
PIC. 123. ASSEMBLED CYLINDER
a tw o-dim ensional flow . F ig . 12.3 i s  a photograph of th e  apparatus assembled 
ready to  he p laced  in  the  tu n n e l.
The e l e c t r i c a l  connections and arrangem ents fo r  thermocouples were as 
b e fo re , and the measuring instrum en ts  used e a r l i e r  were employed again .
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C H A P T E R  X III
Experimental Work and C alcu lation  o f R e su lts .
The fa c t  th at the arrangement o f the apparatus in  the tunnel was so 
d if fe r e n t  from th at o f the work on the p la in  cy lin d er  made i t  necessary  to  
rep eat the c a lib r a t io n  o f the w ind-tunnel. This was ca rr ied  out in  ex a ctly  
th e same way as b e fo r e , the v e lo c i t y  d is tr ib u t io n  being measured in  the space 
between the two end-boards in  a p lane in  rqpstream from the c y lin d er . The 
space, which measured 8 in . % 16 i n . ,  was d iv id ed  in to  squares 4  in . X  4  i n . ,  
the v e lo c ity  head measured a t the cen tre  o f each square and the average o f  
th ese  e ig h t read ings taken as the mean v e lo c i t y  head at the section *
The r e s u lt s  o f  the c a lib r a t io n  are p lo tte d  in  f i g .  13*1 togeth er  w ith  
the mean l in e  from the c a lib r a t io n  fo r  the p la in  tube. I t  w i l l  be seen from 
t h is  graph that there was no great d if fe r e n c e , th at the previous c a lib r a t io n  
s t i l l  h e ld .
The thermocouples used in  th is  r ig  were made from w ire from the same 
r e e ls  as the e a r l ie r  on es, and so there was no need to  rep eat the ca lib ration *
In  the h eat tra n sfer  runs the same procedure was fo llow ed  as b e fo re . 
Owing to  the improved design  o f the h e a te r s , the time taken fo r  the apparatus 
to  s e t t l e  down to  steady  con d itio n s and fo r  read ings to  be d u p lica ted  was 
reduced to  about hours, and, once warmed up, i t  s e t t le d  down to  a fre sh  
stea d y  con d itio n  w ith in  y  hour.
The power needed in  the guard h ea ter s  to  prevent e n d -lo sse s  was
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g rea ter  in  th ese  experim ents than in  those w ith  the p la in  c y lin d e r , and the jt
power required fo r  the upper guard h eater  was g rea ter  than th a t fo r  the lo w e r .' J
This i s  c f  no sp e c ia l s ig n if ic a n c e , fo r  the power to a guard h ea ter  depends !
upon the ra te  a t which heat i s  l o s t  from the outer fa c e , and so on the design  
o f the apparatus. The r ea l fu n ctio n  o f a guard h eater  i s  to  prevent 
temperature grad ien ts  a t the ends o f the main h ea ter  core,, I
C alcu lation  o f R esu lts . j
The c a lc u la tio n s  fo r  th ese  experim ents are p r a c t ic a l ly  the sarno as fo r  
the p la in  cy lin d er; there are two main d if fe r e n c e s . I
: I
The h eat tra n sfer  in  th ese  experim ents b ein g  much h igh er than jf
lip r e v io u s ly , the a ir  temperatures a t the entrance to  the w ind-tunnel and in  ;|
the wake o f the cy lin d er  d if fe r e d  con siderab ly . These temperatures we re  
measured by m ercu ry-in -g lass thermometers and the mean value taken in  c a lc u la t -  j 
in g  the mean temperature d if fe r e n c e . At low v e lo c i t ie s  the two temperatures 
d if fe r e d  by as much as 10 -  12°F.
In  the e a r l ie r  experim ents i t  was correct to  take the arith m etic  mean 
o f the surface temperature read ings. In  the experim ents on the fin n ed  
c y lin d e r  i t  was n ecessary  to  take a w eighted mean tem perature. To f in d  t h is ,  
the tem peratures a t a p a r tic u la r  rad iu s were averaged, and t h is  average was 
m u ltip lied  by the circum ference o f the f i n  at the rad iu s in  question . The 
r e s u lt in g  three average temperatures were then added and d iv ided  by three  
tim es the circum ference a t the mean r a d iu s , thus g iv in g  the weighted mean 
tem perature.
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As an i l l u s t r a t i o n ,  some c a lc u la tio n s  f o r  run  Ho, 2 are  given below.
Specimen C a lc u la tio n s .
Power Inpu t to  Main H eater = 3 .5  X 58 = 203 W atts
= 692 B tu /h r .
Average f i n  tem peratures :
Base = 2.368 mV = 136.5°F
Middle a 2.268 mV =* 132.5°F
Edge = 2.226 mV = 130.5°F
Weighted mean f in  tem perature
136,5 x  2 »  132.5 X 3 + 130.5 X 4 _ 1192.5
3 x 3  9
= 152. 5°F
A ir tem peratures ;
I n le t  = 68.0°P 
Wake = 72 .1°F
»*• Average a i r  tem perature a 7 0 .1°F
136.5 -  70.1
132.5 -  70.1
I n  the  next ch ap te r i t  w i l l  appear th a t  in  the f in a l  c a lc u la tio n s  in  
t h i s  re se a rc h  no c o rre c tio n s  have been made f o r  ra d ia t io n  from the finned 
c y lin d e r . I t  i s  of i n t e r e s t  h e re , however, to  evalua te  the  ra d ia t io n  lo s s  
in  o rd er to  have some id e a  of the  r e la t iv e  magnitudes o f the  r a d ia t io n  and
Hence :
Mean tem perature d iffe re n c e  a t  base = fc)b
cx= 66 .4  F
Weighted mean tem perature d iffe re n c e  = 0  ^
= 62.4°F
1 4 1 .
convection lo s s e s .
Before the ra d ia t io n  lo s s  can he c a lc u la te d  i t  i s  necessary  to  
decide on a geom etrical f a c to r  fo r  th e  r a th e r  com plicated shape of the finned 
c y lin d e r . This was no t c a lc u la te d  h u t f ix e d  in tu i t iv e ly  as fo llow s.
When the cy lin d e r  was looked a t  from as many p o s it io n s  as p o s s ib le , i t  was 
found th a t  except f o r  a few p o s it io n s  i t  looked l ik e  a p la in  c y lin d e r  of 
o u ts id e  d iam eter 4 in .  Even in  the p o s it io n s  where the eye was on a le v e l 
w ith  one of the f i n s ,  i t  was only p o ss ib le  to  see through one or two f in  
spaces.
Prom these  observations i t  was deduced th a t ,  as f a r  as  ra d ia tio n  was 
concerned, the  finned  c y lin d e r  could he rep laced  by a p la in  c y lin d e r  of 
d iam eter 4 in .  whose mean tem perature was equal to  the weighted mean f in  
tem perature.
In  th i s  c a se , i f  the same e m iss iv ity  f a c to r  of 0.96 i s  used as fo r  
th e  p la in  c y lin d e r  te s te d  e a r l i e r  :
. 2  2Area o f ra d ia t in g  su rface  = 1\. x 4 x  6 = 75*4 in .  = 0,524 f t .
. Radi at i on lo s s  = Q rad  = 0.173 X 0 .5 2 4 X. 0.96(5.924^" ~ 5 .28^)
= 40*0 B tu /h r.
This i s  a l i t t l e  over 5 fo of th e  t o t a l  h ea t lo s s .
Continuing the  c a lc u la tio n s  :
'7T 2 2 2Area of one f i n  face  = X  (4  -  2 )  = 9*43 in .
On the 6 in ,  le n g th  th ere  a re  12 f in s .
2T ota l f i n  su rface  a rea  = 2 X 12X  9.43 = 226.3 in ,
x . 2
Area o f edge of f in s  = fC x 4 X X 12 = 28,3 in*
■142.
Area of base c y lin d e r  = 71 X 2 x  ~ r X  12 = 23*5 in?
2• *• T o ta l su rface  area  of c y lin d e r  = 1.932 f t .
Hence, n eg lec tin g  r a d ia t io n  lo s s  *
692
Average h ea t t r a n s f e r  c o e f f ic ie n t  = £2 V 'x".1..932
= 5«74 B tiV h r .f t?  °F.
F u rth e r c a lc u la tio n s  involve the  c o rre c tio n  of the measured s t a t i c
head to  standard  co n d itio n s  so th a t  the mean v e lo c ity  may be found from the
w ind-tunnel c a l ib r a t io n  curve. An example of th i s  has been given
e a r l i e r  (Chap. 5 ) .
A dd itional c a lc u la tio n s  have been made, as w il l  appear in  subsequent 
ch ap te rs . As these a r is e  they  w i l l  be d esc rib ed , b u t s in ce  they  are  mainly 
ro u tin e  c a lc u la t io n s ,  e .g . ev a lu a tio n  of dim ensionless numbers, i t  i s  f e l t  
th a t  examples are  no t n ecessary .
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C H A P T E R  XIV
The R e l ia b i l i ty  o f the  T h eo re tica l E quations,
When, in  p ra c t ic e  i t  i s  req u ired  to  estim ate  the  h ea t t r a n s fe r  from a 
f in n ed  c y lin d e r , the method i s  f i r s t  to  s e le c t  a l ik e ly  value fo r  the  o v e ra ll 
c o e f f ic ie n t  of h ea t t r a n s f e r  and th en , u s in g  th i s ,  to  c a lc u la te  the h ea t
t r a n s f e r  from equation  10.6 . A lte rn a tiv e ly  the h ea t t r a n s f e r  may be
course eq u iv a len t to  the f i r s t  method.
Thus the  c a lc u la tio n  of the  h ea t t r a n s f e r  from a fin n ed  cy lin d e r  
p re se n ts  two problem s. The f i r s t  i s  the genera l problem of g a th erin g  
in fo rm ation  about the behaviour o f the h ea t t r a n s f e r  c o e f f ic ie n t  a t  the
t r a n s f e r  may be c a lc u la te d  i f  the  h ea t t r a n s f e r  c o e f f ic ie n t  i s  known, i . e .  
i n  decid ing  the  r e l i a b i l i t y  of equations such as equation  10.6 .
I t  i s  the purpose of th i s  ch ap te r  to  study the second of th ese .
For the  d iscu ss io n  i t  i s  b e s t  to  reduce equation  10.6 to  dim ensionless 
form. I t  becomes
c a lc u la te d  as though the  whole of the  su rface  were a t  the tem perature of the 
base  and th e  r e s u l t  m u ltip lie d  by the  c a lc u la te d  e f f ic ie n c y , bu t th i s  i s  of
su rface  of the  f i n s .  The second i s  in  decid ing  to  what accuracy the hea t
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This l a s t  equation shows c le a r ly  the q u a n tit ie s  on which the heat  
tr a n sfe r  depends. These comprise two numbers, the purpose o f which i s  to  
d escr ib e  the fea tu res  of the geometry which a f f e c t  the conduction o f h ea t, 
and a N u sse lt number in v o lv in g  the heat tra n sfer  c o e f f ic ie n t  at the su rfa ce , 
the thermal co n d u ctiv ity  o f the metal and a c h a r a c te r is t ic  len g th  o f the 
c y lin d e r . The equations fo r  a l l  types o f extended surface w i l l  be o f th is  
form.
As has been mentioned e a r l ie r ,  the p r in c ip a l o b jec tio n  to the known 
so lu tio n s  o f  t h is  d im ension less equation i s  th a t to  fin d  them i t  i s  necessary  
to  assume th at the heat tr a n sfe r  c o e f f ic ie n t  i s  constant over the surface.
The e f f e c t s  o f the v a r ia tio n s  which are known to  occur and the general 
behaviour o f  the heat tra n sfer  c o e f f ic ie n t  are im portant, fo r  on them mainly 
r e s t s  the v a l id i t y  of the equations.
14-5.
Expressed sim ply, the qu estion  w ith  which th is  chapter i s  concerned 
i s  th is  : I f  data i s  a v a ila b le  fo r  the heat tra n sfer  from a cy lin d er  w ith ,
say , s t e e l  f i n s ,  can th ese be used to  estim ate the heat tra n sfer  from a 
c y lin d er  w ith  aluminium f in s  ?
I f  the m ateria l o f the f in s  i s  changed, then the temperature d is tr ib u ­
t io n  a l t e r s .  Then i f  the heat tr a n sfe r  c o e f f ic ie n t  remains the same, (and 
i f  the base temperature i s  the same), the to t a l  heat lo s s  w i l l  change. To 
be able to  c a lc u la te  the heat tra n sfer  from the new cy lin d er  from data on the 
o ld  one i t  i s  necessary  to  know i f  i t  i s  p o s s ib le  to  take some average value  
fo r  the heat tra n sfer  c o e f f ic ie n t  and the temperature d if fe r e n c e . In  other  
words, i s  there an eq u iva len t Nu w hich, i f  constant over the whole surface  
would g ive  the same heat tra n sfer  as a c tu a lly  occu rs, and can th is  be 
evaluated  from the data ?
Another d i f f i c u l t y  a r is e s .  I f  the heat tra n sfer  c o e f f ic ie n t  v a r ies  
very much w ith  temperature, then on changing from one f i n  m ateria l to  another, 
and consequently  from one temperature d is tr ib u t io n  to  another, the lo c a l  
va lu es o f the heat tra n sfer  c o e f f ic ie n t  w i l l  change, and th is  w i l l  a ffe c t  
the v a l id i t y  o f the equations. I t  would mean th at the equ iva len t Nu would 
depend upon the f in  m ater ia l. Prom experience w ith  other problem s, th is  
can be c la sse d  almost a t once as a second-order e f f e c t ,  but i t  w i l l  bear 
in v e s t ig a t io n .
In  what fo llo w s  now, the heat tra n sfer  has been evaluated to  include  
the r a d ia tio n  l o s s ,  i . e .  i t  i s  the t o t a l  heat l o s s .  The area and mean 
temperature d iffe re n c e  used in  c a lc u la t in g  the o v e r a ll c o e f f ic ie n t  o f heat 
tr a n s fe r  were the to t a l  surface area exposed to  the airstream  and the
^  The abb reviation  Nu always r e fe r s  to  the con vection  N u sse lt number.
( 4 6
30 4020( 0
V E L O C I T Y  f . p . S .
E / G . I A . I .  N E A T  T R A N S F E R .  C O E t C / C I E  N T S  POU  
T U E  P  I N N  E D  C Y L I N D E R .
147
Cl
K
£
1 1 4  r s
o
00
</*
*
§ *\r
»Aj
s o4 02 0iO 3 0
V E L O C I T Y  / { > • * -
PIG.  14.2.  N E A T  T R A N S F E R  C O E F F I C I E N T S  FOR  
TUE P I N N E D  C Y L I N D E R  C O M P A R E D
W I T H  THOSE F O R  THE P L A I N  C Y L I N D E R .
u ?
I
ZO , 4 0  6 0  8 0  1 0 0
WEIGHTED M E A N  TEMPER.ATUR.E D t P PE tZ E NC E
F / 0 . 14.3.  V A R I A T I O N  OF M E A T  T R A N S F E R
C O E F F I C I E N T  W I T H  T E M P E Q . A T U Q E  
D I F F E R E N C E  FOR. THE F I N N E D  C Y L I N D E R .
149.
w eighted mean tem perature d iffe re n c e .
F ig . 14.1 shows the va lues of the o v e ra ll  h ea t t r a n s f e r  c o e f f ic ie n t  
f o r  the  c y lin d e r  on which the p re se n t re sea rc h  has been c a r r ie d  out p lo t te d  
a g a in s t the v e lo c i ty  of the a irs tre a m . The r e la t io n s h ip  between these, two 
q u a n ti t ie s  i s  seen to  be l in e a r  and may be re p re se n te d  by the  equation  :
h = 0 .381v + 1 . 9     (14 .2 )
where 10 f . p . s .  <T v C  40 f . p . s .
In  f ig .  14.2 th i s  mean l in e  i s  compared w ith  th a t  f o r  the  p la in  
c y lin d e r . The c o e f f ic ie n ts  l i e  very  n ea r to  one an o th e r, although the l in e  
f o r  the fin n ed  c y lin d e r  has the g re a te r  s lope . In  the h ig h er v e lo c ity  range,
the  c o e f f ic ie n t  fo r  the finned  cy lin d e r  i s  about 12 ^  g re a te r  than  th a t  f o r
the  p la in  cy lin d e r .
The g en era l agreement, however, i s  im portan t and w il l  be re fe r re d  to
below.
F ig . 14.3 shows the  r e s u l t s  o f a s e r ie s  o f experim ents c a r r ie d  out a t
c o n s ta n t v e lo c ity  and w ith  vary ing  h ea t in p u t. I t  dem onstrates how the
h e a t .tra n s fe r  c o e f f ic ie n t  depends upon the  tem perature d ifference*  The 
v a r ia t io n  i s  very  sm all, the c o e f f ic ie n t  tending to  be about 4  fo low er a t  
Q = 120°F. than  a t  0  = 20°F* Over the range te s te d  h e re , the heat
t r a n s f e r  c o e f f ic ie n t  could  be s a fe ly  regarded as independent of th e  tempera­
tu re  d if fe re n c e .
This means th a t  the change in  tem perature d is t r ib u t io n ,  a r is in g  from 
th e  use o f a d i f f e r e n t  m a te r ia l f o r  th e  f in s ,  w i l l  not have any appreciab le  
e f f e c t  on the  lo c a l  values of the h ea t t r a n s f e r  c o e f f ic ie n t .  As was suggest­
ed above, th i s  i s  a second-order e f f e c t .
ISo j|!
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From the tem perature measurements made in ,th e s e  experim ents i t  has 
been p o ss ib le  to  e s tim ate  the a c tu a l e f f ic ie n c y  of the  f in s .  This has been 
taken as the weighted mean tem perature d iffe re n c e  d iv id ed  by the average 
base tem perature d if fe re n c e . A lso, u sing  values of the h ea t t r a n s f e r
been c a lc u la te d . I n  th i s  way a graph of the e f f ic ie n c y  ag a in s t u^ can be 
c o n s tru c ted . Furtherm ore, knowing the  range of u^ in  which the experim ents 
have been c a r r ie d  o u t, i t  i s  p o ss ib le  to  c a lc u la te  the th e o re t ic a l  e f f ic ie n c y  
o f the  f in s .  This has been done usin g  the  B r i t i s h  A sso c ia tio n  Tables of 
B essel F unctions,
The r e s u l t s  of th ese  c a lc u la tio n s  are  shown in  f ig .  14 .4 , Where the 
a c tu a l  and th e o re t ic a l  e f f ic ie n c ie s  a re  compared. The agreement i s  good, 
th e  a c tu a l r e s u l t s  b e in g  about 5 % below the  th e o re t ic a l  curve.
This r e s u l t  suggests  th a t ,  u s in g  an o v e ra ll c o e f f ic ie n t  of h ea t 
t r a n s f e r  evaluated  as above, the a c tu a l h ea t t r a n s f e r  could  be c a lc u la te d  
w ith  l i t t l e  e r ro r .  I t  was decided to  check th i s .
Once again , knowing the range o f values of i n  which the experim ents 
have been c a r r ie d  o u t, i t  i s  p o ss ib le  to  c a lc u la te  v a lu es to  give a th e o r e t i ­
c a l  curve of i^ /ky0^  a g a in s t u^ , (see  the above dim ensionless equation  
1 4 .1 ). To compare the experim ental r e s u l t s  w ith  t h i s  curve i t  i s  necessary  
f i r s t  to  su b tra c t from the  hea t t r a n s f e r  th e  amount considered  to  be 
t ra n s fe r r e d  from th e  base  c y lin d e r , thus g iv ing  the h ea t lo s s  from the f in s .  
I n  the  p re sen t c a lc u la tio n s  i t  has been assumed th a t  the average c o e f f ic ie n t  
o f h e a t t r a n s f e r  over th e  base c y lin d e r  i s  equal to  the o v e ra ll  c o e f f ic ie n t
c o e f f ic ie n t  eva luated  as above and tak in g  the therm al co n d u c tiv ity  of the
J --------
b ra s s  as 60 B tiy 'f t .h r .  F . , values of the param eter u^ have
\ 5 v  u
M E A S U R E D  P O I N T S .
CAL C U L A T E D  L I N E .
O f0-2 0-30 1
FIG. !A. 5  CA L CUL A T E  D VAL U E S  O F  UEA T T£A N SF E Q . 
F R O M  F I N S  C O M P A R E D  W I T H  A C T U A L
VA L UES.
1 5 3 .
f o r  the  finned  cylinder*  This i s  to  a c e r ta in  ex ten t ju s t i f i e d  "by f ig ,  M+, 2 
above, which showed th a t the o v e ra ll  c o e f f ic ie n t  of h ea t t r a n s f e r  f o r  the 
p re se n t cy lin d e r  i s  in  f a c t  very  n e a r  to  th a t  f o r  the p la in  cylinder*  A fte r  
th i s  c o r re c t io n , the h ea t t r a n s f e r  has then  to  be d iv ided  by tw ice the number 
of f i n s ,  in  o rd er to  give the  h ea t t r a n s fe r  from one face  of a s in g le  f in .
The number I^Ay ® ^ was then evaluated  tak in g  k = 60 B tq / f t .h r ,° F .  as
b efo re  and 9 as the average base tem perature .
These a re  ro u tin e  c a lc u la t io n s ,  examples of which need no t be given
h e re .
The r e s u l t s  are  compared w ith  the th e o re t ic a l  curve in  f ig ,  and
i t  i s  seen th a t  the  agreement i s  ex ac t. This graph i s  a s u f f ic ie n t  
j u s t i f i c a t i o n  of the f a c t  th a t ,  d e sp ite  the  assum ptions which have to  be 
made in  d e riv in g  the th e o re t ic a l  eq u a tio n s, they  are  qu ite  r e l ia b le  provided 
d a ta  f o r  the  h ea t t r a n s f e r  c o e f f ic ie n t  i s  a v a ila b le  evaluated  as above. 
F o r tu n a te ly , i t  i s  u sual to  evalua te  d a ta  in  th i s  way, bu t the 
e s tim a tio n  of the  h ea t t r a n s f e r  c o e f f ic ie n t  f o r  a p a r t ic u la r  case from the 
d a ta  a v a ila b le  r a is e s  f u r th e r  d i f f i c u l t i e s .  These a re  d e a l t  w ith  in  th e  
nex t ch ap te r .
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C H A P T E R  XV
Dimensional A nalysis and C o rre la tio n  of R e su lts ,
In  the l a s t  ch ap te r i t  was shown th a t  i f  the  o v e ra ll c o e f f ic ie n t  of 
h e a t t r a n s f e r  can be estim ated  f o r  a given c y lin d e r , then the h ea t t ra n s fe r  
may be c a lc u la te d  ac cu ra te ly . This ch ap te r i s  concerned w ith  the es tim atio n  
o f the  hea t t r a n s f e r  c o e f f ic ie n t .
Although many experim enters have p resen ted  th e i r  r e s u l t s  as p lo ts  of 
d im ensionless q u a n t i t ie s ,  as f a r  as th e  p re sen t au tho r i s  aware, th e re  i s  no 
g en era l c o r re la t io n  a t  p re se n t th a t  b r in g s  to g e th e r the r e s u l t s  of more than 
one re se a rc h  on h ea t t r a n s f e r  from fin n ed  c y lin d e rs .
G r i f f i th s  and Awberry p resen ted  th e i r  r e s u l t s  f o r  crimped f in  tubes 
as a p lo t  o f the  dim ensionless q u an tity  ^ / k 0  a g a in s t a m odified R e ,^ / > V  
In  these  numbers Gc i s  the  h e a t lo s s  p e r  ( fo o t len g th , h r . ) ,  and d  i s  an 
eq u iv a len t d iam eter defined  as th e  diam eter of a p la in  c y lin d e r  whose surface 
a rea  p e r  fo o t le n g th  i s  equal to  the to t a l  su rface  area  p e r fo o t of the 
fin n ed  tube. Using th is  r e la t io n s h ip ,  they  were ab le  to  c o r re la te  th e i r  
r e s u l t s  f o r  fin n e d  tubes w ith  t h e i r  e a r l i e r  r e s u l t s  f o r  p la in  tu b es. B ut, 
as the au tho rs  adm itted in  the d isc u ss io n  fo llow ing  the read in g  of th e i r  
p ap er, th i s  agreement i s  only  fo r tu i to u s  and w i l l  no t apply to  finned  c y lin d e rs  
of d i f f e r e n t  geom etries.
Brevoort (18) f i r s t  showed th a t  r e s u l t s  f o r  b a f f le d  blow er-cooled 
c y lin d e rs  coiuLd be brought in to  f a i r  agreement w ith  r e s u l t s  f o r  h ea t t r a n s fe r  
to  f lu id s  in s id e  p ip e s  i f  the spaces between the  f in s  were regarded as curved
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p ip e s . Follow ing t h is ,  McAdams presented  such a c o r r e la tio n  fo r  a b a ff le d  
cy lin d er  u sin g  the mean hyd rau lic  diam eter o f the f in  passage, Gunter and 
Shaw (44) expressed  th e ir  r e s u lt s  fo r  banks o f un b affled  fin n ed  cy lin d ers  
u sin g  a s im ila r  equivalent diam eter in v o lv in g  the to ta l  f i n  space area and 
the to t a l  perim eter o f the cy lin d er  when viewed edge-on to the f in s ,
A c o r re la t io n  which came n ea r to  success was th a t  o f the  H.A.C.A.. 
r e s u l t s  in  1939. As f a r  as can be judged, the c o r re la t io n  was made by 
form ing a hu on th e  f i n  spacing as c h a r a c te r is t ic  le n g th  and then  try in g  to  
f in d  a second number involv ing  the v e lo c ity , f lu id  p ro p e r tie s  and geometry of 
th e  c y lin d e r . Although the r e s u l t s  of the H.A.C.A. t e s t s  were made to  l i e  
on o r near to  one l i n e ,  the second q u a n tity  was no t d im ensionless. Ho 
a ttem pt was made to  include o th e r d a ta .
The id eas  of eq u iv a len t d iam eters and p lo ts  which a re  not dimension­
l e s s  do no t appeal to  the p re se n t au th o r, and so i t  was decided to  t r y  and 
f in d  a f re s h  c o r re la t io n . The ta sk  of f in d in g  a c o r re la t io n  from e x is tin g  
d a ta  i s  a form idable one, indeed i f  the d a ta  are  not in  some way sy stem atic , 
th e re  i s  l i t t l e  chance of success. The on ly  d a ta  which the  p resen t au thor 
knows which are  in  any way system atic  a re  those  of the H.A.C.A. Prom the 
r e p o r ts  of Biermann and P in k e l (15) and Biermann (14) i t  i s  p o ss ib le  to  
s e le c t  d a ta  f o r  12 c y lin d e rs  w ith  f in s  of co n stan t th ick n ess  and d if f e re n t  
geometry.
The thoughts behind the present work run as fo llo w s  -
Heat tr a n sfe r  by convection  i s  e s s e n t ia l ly  a problem of f lu id  flow . 
How, b a s ic a l ly ,  the flow  p attern  round a fin n ed  cy lin d er  i s  s im ila r  to  that 
round a p la in  c y lin d e r , in  fa c t  i t  can be regarded as the flow  p a ttern  fo r  a
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p la in  c y lin d e r  m odified by the presence of the fin s*  I f  th i s  statem ent i s  
accepted  then  i t  fo llow s th a t  the c h a r a c te r is t ic  le n g th  of the system, on 
which the  Re and the Hu should be based , i s  the d iam eter of the  base cylinder* 
Thus th e  b a s ic  r e la t io n s h ip  i s  s im ila r  to  th a t f o r  a p la in  c y lin d e r  :
This equ a tio n  must now be m odified to  allow  fo r  the e f f e c t  of the f in s  
on the  flow p a tte rn *  The f in s  are  defined  by the dimensions
and these  must be included as dim ensionless numbers, (a s  f o r  example in  the 
conduction equation  14*1 of the  p receding  chap ter)*  In  doing th is  i t  i s  
im portant to  inc lude  only independent q u a n ti t ie s  and even then to  make sure 
th a t  these  would seem to  have some d e f in i te  e f f e c t  on the flow .
The ra d ia l  le n g th  i s  of obvious im portance and may be included as the
As f a r  as th e  convection  p rocess i s  concerned, the th ick n ess  of the 
f in s  i s  no t im portan t; the  th ick n ess  i s  a dimension of s ig n if ic a n c e  only in  
the  conduction problem. Again i t  i s  d i f f i c u l t  to  v is u a l is e  th e  e f fe c t  of 
the  p i t c h  as such. I t  seems th a t  the im portan t dimension i s  the  space 
between the f in s ,  f o r  the e f f e c ts  of th i s  dim ension on the flow  p a tte rn  are 
a t  once c le a r  to  im agine. To make i t  d im ensionless i t  must be d iv ided  by 
the c h a r a c te r is t ic  le n g th , .
The dim ensionless equation  i s  now :
vdb
V
( i )  r a d ia l  le n g th ,
( i i )  th ick n e ss ,
( i i i )  p i tc h .
number
(15 .1 )
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PIG. 15.1. H E -P L O T  OP RESULTS  
OP N . A . C . A .
o c t a n g u l a r , s e c t i o n ,
■X. 0  / 6 6  -1-22 - 0  0 3 5  
a  0 1 3 6  -  122 - 0 - 0 3 5  
0  III -  1-22 - 0  0 3 5  
O 0 - 0 8 J -  1-22 - 0 - 0 3 5  
•  0 - 2 5  - 1 - 2 2 - 0 - 0 - 4
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A check should now be made th a t  the fin n ed  c y lin d e r  i s  com pletely 
defined  in  t h i s  expression*
The hea t t r a n s f e r  c o e f f ic ie n t  i s  obtained  by d iv id in g  the h ea t tra n s fe r  
r a t e  by the t o t a l  su rface  area  A* Thus the q u a n ti t ie s  involved in  equation  
15.1 are  d k  , A , A ' d t  , S/ d t  . These com pletely d efine  the 
c y lin d e r , i . e .  given A^ , th e re  i s  only  one p o ssib le
value  fo r  .
Having decided on the  form of the  equation , a method of a tta ck in g  the 
problem  has to  be s e le c te d . The method adopted here was to  t r y  to  p re d ic t  
an equation  f o r  the h ea t t r a n s f e r  from the  cy lin d e r  used in  the  p resen t 
re se a rc h  from the d a ta  of the H.A.C.A* on cy lin d e rs  w ith  f in s  of constan t 
th ic k n e ss , u sing  equation  15.1 * To do th i s  the H.A.C.A. r e s u l t s  have been
re c a lc u la te d  and re p lo tte d . Once ag a in , th e  c a lc u la tio n s  are  ju s t  ro u tin e  
ones and d e ta i l s  need no t be given h e re . The r e p lo ts  w i l l  be p resen ted  
s t r a ig h t  away.
In  o rder to  r e f e r  to  the v ario u s  c y lin d e rs , Biermann and P inkel 
suggested  th a t  they  be id e n t i f ie d  by th re e  numbers, the f i r s t  b e ing  the p itc h  
o f th e  f in s ,  the  second the r a d ia l  w idth  and the  th i r d  the th ick n ess . This 
method has been adopted here .
Thus 0,25 -  1.22 -  O.Oif
r e f e r s  to  a c y lin d e r  w ith  f in s  p itc h e d  a t  0.25  i n . ,  o f r a d ia l  w idth  1.22 in . 
and th ick n ess  0 .04  in .  In  a l l  cases  the  base c y lin d e r  diam eter was 4-*66 in .
Pig* 15*1 shows v a lu es of Hu p lo t te d  a g a in s t Re f o r  f iv e  finned  
c y lin d e rs  w ith  the same r a t io  b u t vary ing  ^/(3- b • The value of
the  p i tc h  i s  shown in  the  ta b le  and i t  i s  seen th a t  as the  p i tc h  i s  reduced, 
th e  Hu f a l l s  a t  any given Re. The r e la t io n s h ip  between Hu and Re fo r  a l l
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th e  c y lin d e rs  i s  approxim ately the same, w ith  the r e s u l t  th a t  p a r a l l e l  l in e s  
m aybe drawn through the p o in ts .
S/
By tak ing  a  c ro s s -p lo t ' from t h i s  graph the  e f f e c t  of the r a t io  / dj- 
may be found. S ince the l in e s  a re  p a r a l l e l  i t  does n o t m atter a t  which Re 
th e  c ro ssp lo t i s  tak en . I t  has been made a t  lo g  Re = 5*4, i . e .  Re =
251, 200, s ince t h i s  i s  in  the  middle o f the range.
The r e s u l t  i s  shown in  f ig .  15*2 . The r e la t io n s h ip  between Nu and
s/d b  i s  f a i r l y  w e ll d e fin ed  and from the  graph i t  i s  found th a t
0 ^ 6
N-u _  C   ( 15. 2 )
There i s  no need to  ev a lu a te  the a c tu a l form ula.
P ig . 15 .3 , 13.4 a re  graphs o f v a lu es  of Nu ag a in s t Re f o r  fo u r  finned
c y lin d e rs  w ith  the same ° / / j  \D bu t d i f f e r e n t  values o f • Once again
p a r a l l e l  l in e s  may be drawn through the  p o in ts  and by tak in g  a c ro s s -p lo t a t  
any Re, the  dependence of Nu upon ‘V a t  found.
This c ro s s -p lo t ,  again  made a t  Re » 251,200 i s  given in  f ig .  15.5
and shows th a t ,  f o r  1.25 approxim ately , the Nu seems to  be
independent o f the  r a t io  ‘V d t  .
Thus i t  i s  seen th a t ,  p rovided  the  r a t io  i s  g re a te r  than  about
1. 25 , equ a tio n  15*1 reduces to
0'4>S
h d t  -  I  ( ^  , J ' ^ - l
k  3  V V  1 d b j
The p o in t has now been reached where the  h ea t t r a n s f e r  from the finned  
c y lin d e r  used in  the  p re se n t re se a rc h  may be estim ated  from the  N.A.C.A. 
d a ta .
lG4
i ii
e s t i m a t e d  'l i m b .
Co
A ■/ 4 - 2  4 - 3  , 4 4  A S  4 6
/ vdt> Log. - J - .
FIG. 15.6. RESULTS OF PRESENT WORK.
COMPA HED WITH LINE ESTIMATED
FROM RESULTS OF N.A.C.A.
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R eturning to  f ig .  15»1> the  h ea t t r a n s f e r  fo r  the c y lin d e r  w ith  f in s  
p itc h e d  a t  0*25 in .  i s  found to  be
Nu = 0*0115 Re0 -^    . . . . . .  (1 5 .3 )
For t h i s  c y lin d e r  ;
d t  = 4.66 in .  <k = 1 . 5 2 3  S 0 . 0451;
(Ms
F or the c y lin d e r  used in  the  p re se n t re sea rch
= 2 i n .  6U = 2 £  = 0 .1 5 6 2
Assuming now th a t the  re la t io n s h ip  equation  15*2 ho lds f o r  the value 
o f s/d b  fo r  th e  p re sen t c y lin d e r  and fu r th e r  th a t  the independence of Nu 
on t h e  r a t io  < V d  L i s  tru e  up to  s  2 , the  hea t t r a n s f e r  should be
g iven  by
Nu = 0.0115 X Re0 .84  (  0.1562  \ ° * ^
V 0.0451
o r Nu 0.0258 ReQ>8if .................... (15 .4 )
In  f i g .  15.6 t h i s  estim ated  l in e  i s  compared w ith  the a c tu a l r e s u l t s  
from the  p re sen t research* The agreement i s  rem arkably good.
This agreement between the l in e  estim ated  from the  N.A.C.A. r e s u l t s  
and the a c tu a l  measurements means of course th a t  a c o r re la t io n  has been found 
Thus, i f  v a lu es  o f f  hd\> \ ^  f  S Y ^  ■ are  p lo t te d  ag a in s t
a l l  th e  r e s u l t s  o f th e  N.A.C.A. f o r  c y lin d e rs  w ith  f in s  of co n stan t th ickness 
and r a t io  g re a te r  than  1 .2 5 ,  to g e th e r w ith  those from the  p re sen t
re se a rc h , should l i e  on one l in e .
T his i s  in  f a c t  the  case and i s  i l l u s t r a t e d  in  f i g .  15 .7 , which shows
i G S  i
(
RESULTS Ot- N.A.C.A.
0-25— 1-22 — 0-04 
0-160—1-22—0035 
0111— 111- GOSS 
0 093-1-22-0035 
G 2S- 0 9 7 -0 0 4  
015— 06J-G 04  
OJS- 0 6 J -  0  04  
014- 0 4 7 - 004  
0134-1-22-0035
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r e s u l t s  fo r  a l l  10 c y lin d e rs . The ranges o f v a lu es a re  as fo llow s
Minimum Maximum
di) ; 2 in . 4*66 in*
^ / d b 1*25 2
s / d b 0.0103 0.1562
d a 11,000 535,000
The range of c y lin d e r  dim ensions i s  a lso  i l l u s t r a t e d  in  f i g .  15*8, 
in  which fc u r  of th e  c y lin d e rs  are  drawn to  s c a le .
The equation  to  the l in e  of f i g .  15.7 i s
/ n ,- o £ > S  O' S-& %
N u . f . S  | =  O  0 7 3 3  . . . . . . . .  ( 15 . 5 )
V d k
\6 9
FIG. 16 .1. POLAH DISTQI BUT/ON OP HEAT THAN5TEH
COEFFICIENT. PESULTS OP WEINER. 
GQ.OSS & PASCNJCIS:
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C H A P T E R  XVI
The E ffe c ts  of Changes in  the  P in  Shape on the  Heat T ran sfe r.- —  - - - - - — ■   -  —  r i ~ .      -  — - - - - - - - - - - - - - - - - - - - - - - -    
The r e s u l t s  of the  re sea rch  of W einer, Gross and P aschkis on the 
d i s t r ib u t io n  of the lo c a l  c o e f f ic ie n t  of h ea t t r a n s f e r  over c i r c u la r  f in s  
show th a t  the  c o e f f ic ie n t  v a r ie s  co n sid e rab ly . The p o la r  diagrams from 
th i s  paper are  given in  f ig ,  16*1 and i f  th i s  i s  examined i t  w i l l  be seen 
th a t  over the f ro n t p a r ts  of the  f i n  the  h ea t t r a n s f e r  c o e f f ic ie n t  i s  over 
1y tim es the  average and a t  the r e a r  l e s s  than  |r of th e  average. These 
diagram s suggest th a t  i t  m aybe p o s s ib le  e i th e r  to  :
(a )  r e a l i s e  c e r ta in  economies in  f i n  w eight by removing m a te ria l 
in  the low h ea t t r a n s f e r  zone,
o r (b ) in c rea se  the h ea t t r a n s f e r  by adding m a te ria l in  the  h igh  heat 
t r a n s f e r  zone
o r b o th .
This question  o f modifying the f i n  shape has been  s tu d ied  in  the 
p re se n t work. I t  r a i s e s  two problems s~ the e f f e c ts  of such m od ifica tions 
on the  h ea t t r a n s f e r  and on the f lu id  flow . The p re se n t chap ter i s  con­
cerned w ith  the  f i r s t  of th e se .
The geometry of the  c y lin d e r  used in  the p re se n t re sea rch  i s  very
s im ila r  to  th a t  of the  c y lin d e r  used by W einer, Gross and P aschk is . The
p r in c ip a l  d iffe re n c e  i s  th a t  in  t h e i r  re sea rc h  the  a c tu a l t e s t  f in s  were not
s o l id  b u t each c o n s is te d  e s s e n t ia l ly  o f two copper sh ee ts  0,05 in .  th ic k
sep a ra te d  by a th ic k n e ss  of in s u la t io n  which brought the  o v e ra ll th ick n ess  
3
up to  j g  in .
1 7 1 .
Whether such a f in  behaves in  a s im ila r  way to  a s o l id  f i n  depends 
upon the temperature d is tr ib u tio n  s e t  up in  the in s u la t io n  and i t s  thermal 
co n d u ctiv ity . I f  the temperature d is tr ib u tio n  in  the in su la tio n  were the 
same as that in  the copper, the ex tra  heat tr a n sfe r  would on ly  be sm all, 
s in ce  the thermal co n d u ctiv ity  o f the in su la t io n  must be o f the order of 
TjQOQ that o f the copper. For any oth er temperature d is tr ib u tio n  m  the 
in s u la t io n , the d is to r t io n  of the h ea t-flo w  l in e s  in  the copper would not be 
very  g rea t, again  owing to  the low thermal co n d u ctiv ity  o f the in su la t io n .
I t  i s  most probable then that the heat flow  in  the copper i s  s t i l l  e f f e c t iv e ­
l y  two-dim ensional and in  th is  case  the heat flow  through the com posite f in  
i s  p r a c t ic a lly  the same as th at through a copper f i n  0 .1 0  in ,  th ick  (s in c e  
each sheet lo s e s  heat from one fa ce  o n ly ) . The flow  co n d ition s however w i l l  
be those fo r  a f i n  in . th ick . The n e tt  e f f e c t  o f th ese  two f a c t s  i s  that 
the composite f in  w i l l  behave s im ila r ly  to  a s o l id  f i n  o f the same th ickness  
but lower co n d u ctiv ity , fo r  in  the composite f i n  the r e s is ta n c e  to  heat flow  
w i l l  be g rea ter .
These remarks on ly  apply to  ca ses  where the f in  i s  lon g  enough fo r  
the heat flow  in  the s o lid  f i n  to  be e f f e c t iv e ly  tw o-dim ensional. For short 
s o l id  f in s  t h is  would not be so and a com posite f i n  would g iv e  a d if fe r e n t  
heat tr a n sfe r , s in ce  by i t s  co n stru ctio n  i t  ensures a p r a c t ic a l ly  two- 
dim ensional h e a t-flo w .
I f  the above con clu sion s are true i t  should be p o s s ib le  to  c o rr e la te  
the r e s u lt s  o f Weiner e t  a l  w ith  those o f the presen t work using  the 
c o r r e la t io n  developed in  the previous chapter. A co rrec tio n  i s  o f course  
n ecessa ry  to  a llow  fo r  the e f f e c t  o f Prandtl number, s in ce  YFeiner e t  a l  used  
a w ater channel fo r  th e ir  experim ents. The co rr e c tio n , i . e .  the d ev ice
I p
i x r t :
i ! T i i  i mM n n H ii . t  i-.: :  m :
i i i i n;
L b  •;; • i ib
i  - f 4 - i - H - f r H
j j : f :
RESULTS OF WEINER. ETAL. ■a-Vii
i :
A 5 6 j 8 9 10*
vcfk
A 5 6
FIG/6.2. COM PA k  ISON OF OVEQALL RESULTS OF- WEINE Q L 
WITH GENERAL COM EL AT IO N  O f  C H A P T E P . /5 .
1 7 3 .
which c o r re la te s  d a ta  f o r  l iq u id s  and g ases, f o r  the s im ila r  problem of a 
p la in  c y lin d e r  i s  to  d iv id e  the Nu by P r^*^, (see  f o r  example Fishenden and 
Saunders ( 1 ) ,  p ,1 2 9 ). This has been used here to  a d ju s t the  c o r re la t io n  of 
the l a s t  ch ap te r and to  re c a lc u la te  the  o v e ra ll  r e s u l t s  of Weiner e t  a l .
The r e s u l t  i s  shown in  f ig ,  16,2 , Two of the  p o in ts  agree w e ll, the  
th i r d  seems to  be about 15 -  20 $  h igh  of the g eneral c o r re la t io n .  This i s  
p o ss ib ly  due to  the methods used , i . e ,  e v a lu a tio n  of the  h ea t t r a n s f e r  from 
th e  ten p e ra tu re  d is t r ib u t io n .
A mean l in e  drawn through the th re e  p o in ts  l i e s  p a r a l l e l  to  the p resen t 
c o r r e la t io n  and about 10 $  h igh of i t .
F ig , 16 ,2  serves the  double purpose o f confirm ing the conclusions 
above about the behaviour o f composite f in s  and th a t  of ex tending the 
c o r re la t io n  l im i ts  to  0.1973 f o r  S/d b  and 2,105 ^o r <Vdb..
Having checked th a t  the o v e ra ll  r e s u l t s  of t h i s  re sea rch  agree w ith  
the  p re se n t r e s u l t s  i t  i s  necessary  to  check, i f  p o s s ib le ,  th a t  the  lo c a l  
d i s t r ib u t io n  o f h ea t t r a n s fe r  i s  s im ila r .  This r a i s e s  c e r ta in  d i f f i c u l t i e s .  
The prim ary one i s  th a t  not n e a r ly  enough tem peratures could be measured in  
th e  p re se n t experim ents fo r  lo c a l  v a lu es of the h e a t t r a n s f e r  c o e f f ic ie n t  to 
be c a lc u la te d  n u m erica lly , The reaso n  f o r  th is  i s  th a t  the c o n s tru c tio n  of 
th e  c y lin d e r  and the  experim ental programme, ( i . e .  the  m od ifica tio n  of the 
shape of the  f i n s ) ,  p ro h ib ite d  r o ta t io n  of th e  c y lin d e r , and th i s  i s  e s s e n tia l  jt
i f  s u f f ic ie n t  tem peratu res are  to  be measured. Another d i f f i c u l ty  i s  th a t
th e  experim ents o f Weiner e t  a l  were c a r r ie d  out u s in g  a w ater channel and j
consequently  the  h ea t t r a n s f e r  c o e f f ic ie n ts  were much la r g e r  than  h e re , where |
j
i
i
yfc See remarks on accuracy in  Chap. X I. -
An a l te rn a t iv e  reason  w i l l  be given in  Chap. XVIII
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P I C .  1 6 . 4 .  R A C I A L  T E M P E R A T U R E  D I S T R / B L  
FOR. P I N N E D  C Y  L I N D  EH  , R U N .
N . d .  a n c l e s  W i t h  i n i  c u & v E S  a q .e  a z i m u i
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IMG. 16.7. POLAQ DIAGRAM OF TEMPED A TUHE 
b! STQ.I BUT ION. HESULTS OP WE I N E Z .
o n o s s  & p a  s c  m a s .
179. m
! : I!
!  '  | i
a i r  i s  used . However, a comparison can be made, |
| > |j
P ig , 16,3 and 16 ,4  show re s p e c tiv e ly  the ten p e ra tu re  d is t r ib u t io n s  I ' l l
o I Iaround the  f i n  a t  th re e  d if f e r e n t  r a d i i ,  and along r a d i i  spaced a t  30 • M
Although only th re e  tem peratures were measured along each r a d iu s } in  sev era l 
ca ses  the shape of the  curve i s  f a i r l y  obvious. I f  the curves of f ig ,  16,4 !| !
a re  sketched in ,  i t  i s  p o ss ib le  to  estim ate  the p o s it io n s  of p o in ts  on ||:|
I | ' : i
iso th erm al l in e s .  These p o in ts  may then  be p lo t te d  on a p o la r  diagram , i!jj
jo in e d  by smooth curves and the p o in ts  where each iso therm al touches the base 
c y l in d e r ,  c ro sses  th e  middle c i r c l e  and reaches th e  f i n  t ip  compared- w ith  the I
more accu ra te  curves of f ig ,  16,3 , C orrec tions are  then made -un til a i
c o n s is te n t  s e t  of curves i s  o b ta ined , !
T his t r i a l - a n d - e r r o r  method has been used to  p lo t  the p o la r  diagram  i
shown in  f ig ,  16,5 , which i s  f o r  the h ig h e s t mean tem perature a t  which the  j
' ' '  i j i
c y lin d e r  was run and corresponds to  the curves of f ig ,  16,3 and 16*4 <> !j
Another i s  given in  f ig ,  16,6 fo r  the  low est te n p e ra tu re  run , if;
I f  these  a re  now compared w ith  the r e s u l t s  of Weiner e t  a l .  f o r  the I
tem perature d is t r ib u t io n  in  t h e i r  second t e s t ,  f ig ,  16, 7 , the  g en era l ;j|.
c h a r a c te r is t i c s  of the  curves w i l l  be seen to  be s im ila r .  I n  p ass in g , i t  j  1 1
should be noted  th a t  the d is c o n t in u i t ie s  in  f i g .  16,7 a t  about 150° in  the |j
7 .5°F  and 10°P iso th erm als  are  most u n lik e ly . jjj
I t  w i l l  be n o tic ed  th a t  the  tem perature d is t r ib u t io n  f o r  the p re se n t j'.i,,
work has a sm aller g ra d ien t a t  any p o in t along a ra d iu s  than  the work of j j
W einer e t  a l .  This means th a t the h e a t t r a n s f e r  i s  l e s s  and th is  i s  because j j
■w i |
of the  d i f f e r e n t  P r  in  the  two cases . However, th e re  i s  l i t t l e  doubt about 
the  g en era l s im i la r i ty  and i t  seems reasonab le  to  proceed , i|
I f
Since the  lo c a l  c o e f f ic ie n t  o f h ea t t r a n s f e r  of the su rface  of the f in s  j
l ? o
ORIGINAL SHAPE.
FIRST CHANGE.
SECOND
CHANGE.
1 A IR  
ALOW.
HIG. 16 .8 .  S M T C U B S  OF- U k S T  A N D  S E C O N D  
C H A N G E S  IN  S I N  S H A P E .
N.B. THE SECOND CHANGE IN SHAPE IS REP ERRED r o  A S  
THE FOURTH CHANGE IN SHAPE WHEN THE AIR-FLOW  
DIRECTION IS  REVERSED. (CHAP. I f )


a t  the r e a r  of the c y lin d e r  i s  l e s s  th an  h a l f  the average v a lu e , i t  seems 
l i k e ly  th a t  i f  th i s  p a r t  of the f i n  i s  removed, although the  to ta l  hea t 
t r a n s f e r  must f a l l ,  i t  w i l l  he reduced in  a sm aller r a t io  than  the f in  a re a , 
o r  w eight. When i t  seemed c le a r  th a t  the  r e s u l t s  of the p re se n t work agreed 
w ith  those of Weiner e t  a l , , i t  was decided to  examine the e f f e c t  of removing 
m a te r ia l in  t h i s  way.
The f in  shape was a l te r e d  f i r s t  hy  s e t t in g  the fin n ed  c y lin d e r  up on 
the  ta b le  of a m illin g  machine and tak in g  a s t r a ig h t  cu t across  th e  back of
th e  f in s ,  as shown in  f ig .  16.8 . In  the f i r s t  p la c e , the depth  of cut
was -f in .  This reduced the t o t a l  a re a  by 5 i  $  or the  f i n  a rea  by 6% <yo.
Heat t r a n s f e r  t e s t s  were then  c a r r ie d  out on the  m odified c y lin d e r .
The r e s u l t s  of these t e s t s  are  shown in  f i g .  16 .9 , in  which the t o t a l  h ea t 
t ra n s fe r r e d  through the base of the f i n  p e r  (hour, °F tem perature d iffe re n c e  
a t  the b ase ) i s  p lo t te d  lo g a r ith m ic a lly  a g a in s t the  upstream  v e lo c ity  of the 
a i r .  This form of p lo t t in g  i s  used f o r  two main reaso n s :
( i )  i t  does not d isg u ise  the f a c t  th a t  the  h e a t t r a n s f e r  i s  a c tu a lly
reduced, as would perhaps a p lo t  u s in g  the h ea t t r a n s f e r  
c o e f f ic ie n t .
( i i )  f o r  many problem s, e .g .  an engine c y lin d e r , the im portan t tempera­
tu re  i s  in  f a c t  the tem perature a t  th e  base of the f i n ,  and so 
c o n d itio n s  were c a lc u la te d  us in g  t h i s  as datum.
Also p lo t te d  on f i g .  16.9 i s  the  mean l in e  through the r e s u l t s  fo r  the 
c y lin d e r  w ith  complete f in s .  The graph ap p aren tly  shows no change in  the 
h e a t t r a n s f e r .  This r e a l ly  means th a t  the  red u c tio n  in  h ea t t r a n s f e r  i s  of 
the  same o rd er as th e  accuracy of the  experim ents, f o r  th e re  must be some 
d ec rease .

P/0.16.10. H E A T  T Z A N S P E R .  A f T E R  T E C Q N D
C H A N C E  I N  S'HA PE C O M P A R E D  W ITH TH AT  
HCjOM O l i l C I N A L  P I N N E D  C Y L I N D E R .
c m c i m a l . .
N hi1-2
(oy . v.
The nex t change in  shape was to  take a second s tr a ig h t  cu t across the  j;
i 'j
hack of the f in s ,  (see  f ig .  1 6 .8 ). This reduced the t o t a l  a rea  to  O.856 o f j |
i  i l l  i
j  j j  !
the  area  when the f in s  were in t a c t ,  i . e .  the  t o t a l  a rea  had now been decreased |M
11
by 14.4 fo9 the f i n  a rea  by 17*2 fu  [
The r e s u l t s  o f the subsequent h ea t t r a n s f e r  runs are shown in  f ig .  16.10 
p lo t te d  as b e fo re . Also p lo t te d  on th is  graph a re  the  r e s u l t s  fo r  the
■ • ■ ■ 'i
c y lin d e r  b e fo re  the  f in s  were m odified, a mean l in e  through these p o in ts  and I ;
a d o tte d  l in e  re p re se n tin g  the value of the  h ea t t r a n s f e r  had i t  been reduced 
in  the  same p ro p o rtio n  as the a rea . This d o tted  l in e  l i e s  below the a c tu a l j|j i
p o in ts .  Two deductions may be made M
( i )  the h ea t t r a n s f e r  c o e f f ic ie n t  on the  p o r tio n  of f i n  removed M
was lower than  the  average value : th i s  p ro v id es  a fu r th e r  j
check w ith  the r e s u l t s  of Weiner e t  a l .  |N!
( i i )  the  performance of the f in s ,  reckoned as the h ea t tra n sm itted  p e r  I !l|
u n i t  weight of m a te r ia l ,  has been inproved, j ijj
W ith re fe ren ce  to  ( i i ) ,  s ince the  f in s  are  added to  in c rease  the h ea t | |
t r a n s f e r  from the base c y lin d e r , the  s ig n if ic a n t  w eight i s  the weight of the j-Jjj
f in s .  Now f ig .  16.10 shows th a t  the  value of H/ 0 l f o r  the m odified shape : !
i s  0.933 of the o r ig in a l ,  Thus, s in ce  the  area  (and so w eight) of the  f in s
has been reduced to  O.856 of the o r ig in a l  \ (\
Heat T ran sfe rred  0.933 f  A . . n Tr n X M ; . !
Wei ght'  o f ' f i n s = {  O rig in a l Value Y : ,
i - i
= 1*09 (O rig in a l Value) j
.  * i : j i
An in c re a se  of 9 70 in  the  performance of the  f in s  i s  thus shown. j j
[ ;|j
' M iI t  i s  n a tu ra l  now to  enquire as to  what e x te n t th i s  change in  shape of | i
: ithe  f in s  has a f fe c te d  th e  h ea t-flo w . S u ff ic ie n t  thermocouples remained a f t e r  '
185
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f t p .  16.12. SKETCH S H O W I N G  T m U D  C H A N C E  
I N  f / N  S U A P £ .
N.B .  WI T H THE AIR. - PLOW  DIRECTION R E V E R S E D  
THIS IS R E F E R R E D  TO A t  THE FI FTH CHANCE. (CHAR IfJ.
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PIG. 16.13 HEAT T H A N S P E H  AP-TEH 
TUI HD C H A N C E  I N  SHAPE COM PAH ED
WI TH THAT F P O M  O R I G I N A L  
P I N N E D  C Y L I N D E R . .
O/UGt M A L ,
O
/ • 5/•2 13l o i i
Log. v.
t h i s  second change to  allow  an e s tim a tio n  of the shape of iso therm al l in e s  j | 
to  be made. This was done ex a c tly  as b e fo re . I  j  j
The r e s u l t in g  p o la r  diagram of the tem perature d i s t r ib u t io n  i s  shown i
in  f ig .  16.11 . This should be compared w ith  f ig .  16.5 . The f a c t  th a t  !
the  ang les a t  which the iso therm al curves sp ring  from the  base cy lin d e r  a re  |
l a r g e r  than  b e fo re  in d ic a te s  th a t  the c irc u m fe re n tia l component of the h e a t-  j 
flow  has in c reased . This i s  only to  be expected. The l i n e s ,  however, |
r e t a in  t h e i r  genera l c h a r a c te r is t ic s !  the e f f e c t  of the  in c reased  circum - j j  
f e r e n t i a l  flow  i s  no t la rg e ,  i | | ;
i 1!
The above work confirm s the  f a c t  th a t  m a te r ia l can be removed from the 1 1
zone of low h ea t t r a n s f e r  c o e f f ic ie n t  w ithout p ro p o rtio n a te ly  a f fe c t in g  the
■ ■ I '  I'l
h e a t t r a n s f e r .  S ince the hea t t r a n s f e r  c o e f f ic ie n t  a t  the f ro n t of the f in s  1
' i i  L i
i s  h ig h er than average, then  i f  m a te r ia l i s  added here  the h ea t t r a n s f e r  should 1
be in c reased  in  g re a te r  p ro p o rtio n  than  the a rea . These two id eas  taken a t
once, the. removal of m a te ria l a t  the back and the  a d d itio n  a t  the  f ro n t suggest ^
i i  i j !
an e c c e n tr ic  f in .  I t  seems reasonab le  to  th in k  th a t  a c y lin d e r  w ith  c i r c u la r  |||j
f i n s  d isposed e c c e n tr ic a l ly  upstream  should give a h ig h er h ea t t r a n s f e r  than ||||
one w ith  c i r c u la r  co n cen tric  f in s  of the  same a re a . 1.11
11
The nex t m o d ifica tio n  in  the  shape of the f in s  was made w ith  th i s  id ea  j| jj:j
in  mind. F ig . 16.12 shows th e  shape to  which the f in s  were cu t and i t  w i l l  j j 1 j i ­
be seen th a t  th i s  approxim ates to  an e c c e n tr ic  f in .  A fte r  th is  m o d ifica tio n  j j  j
the t o t a l  a rea  was 0,715 of th a t  befo re  the  f in s  were cu t and the a rea  of the j;
W I
f in s  O.665 of the o r ig in a l ,  i ;;
i !• I
F ig . 16.13 shows the r e s u l t s  of hea t t r a n s f e r  runs made w ith  th is  j  jj
c y lin d e r . Again th e  r e s u l t s  are  compared 'w ith th e  mean l in e  fo r  the c y lin d e r  1
* 189.
w ith  complete f in s  and a d o tted  l in e  re p re se n tin g  the  value of the h ea t 
t r a n s f e r  had i t  "been reduced in  the  same p ro p o rtio n  as the a rea , A fu r th e r  
improvement in  perform ance i s  n o ted , in  f a c t  the graph shows th a t  the  value
o f  ' V ? b i s
0,832 (O rig in a l)  f o r  v 10 f . p , s .  about
0,912 (O rig in a l)  f o r  v <C 10 f , p , s ,  about
and so , s ince the f in  a rea  i s  0,665 of th e  o r ig in a l  a rea  the  r a t io  (Heat 
t r a n s fe r r e d  /  f i n  w eight) i s
1.25 (O rig in a l)  f o r  v 10 f , p , s .  )
) Approx,
1*37 (O rig in a l)  f o r  v 10 f , p . s .  )
Owing to  the f a c t  th a t  over h a lf  the thermocouples around the  edge of 
the f i n  were l o s t  w ith  t h i s  th i r d  change in  shape, i t  i s  not p o ss ib le  to  draw 
a p o la r  diagram  f o r  the tem perature d is t r ib u t io n .
To sum up, th i s  ch ap te r has shown th a t  i t  i s  p o ss ib le  to  in c rea se  the 
r a t i o  (h ea t t ra n s fe r re d  /  f i n  w eigh t) by removing m a te r ia l from the  zone of 
low h ea t t r a n s f e r  c o e f f ic ie n t  a t  the  r e a r  of a fin n ed  cy lin d e r  and th a t ,  in  
doing so , the  h e a t flow  i s  not g re a t ly  a ffe c te d .
A fte r  the  f in s  of the  cy lin d e r  under t e s t  had been machined so th a t 
t h e i r  shape approximated to  a f i n  e c c e n tr ic a l ly  d isposed upstream , a fu r th e r  
in c re a se  in  performance was noted*
1^0
i Aia
ALOW.
F10. I I I .  U C t N m i C  F I N  C O M P A H t b  W I T H
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C H A P T E R  XVII
The C ylinder w ith  E c cen tric  F ins
The p re se n t au thor has found no d a ta  on th e  h ea t t r a n s f e r  from cy lin d e rs
I i
w ith  c i r c u la r  e c c e n tr ic  f in s .  Consequently, as a r e s u l t  of the  work described;! 
i n  th e  p rev ious c h ap te r , i t  was decided  to  b u ild  a second fin n ed  c y lin d e r  w ith  j 
c i r c u la r  e c c e n tr ic  f in s  of the same a rea  as the complete f in s  on th e  f i r s t
c y l in d e r ,  in  o rd er th a t  a coirparison could be made, j
1  .  i'The e c c e n tr ic i ty  had to  be f ix e d  q u ite  a r b i t r a r i l y ;  a f ig u re  of -g- m .
was chosen. P ig , 17,1 shows th i s  e c c e n tr ic  f i n  compared w ith  the co n cen tric  
f i n  of the  p receding  ch ap te r a f t e r  the th i rd  m o d ifica tio n  in  shape, i ,e *  a f t e r  i 
m a te r ia l had been removed from the zone of low h ea t t r a n s f e r .  Prom th i s  
sketch  i t  can be seen th a t  the e c c e n tr ic  f i n  adds a l i t t l e  m a te r ia l to  the 
r e a r  and s id e s  of the f i n  b u t most to  th e  f r o n t ,  where the  h e a t t r a n s fe r  
c o e f f ic ie n t  i s  h igh . To make the e c c e n tr ic i ty  more than  y in .  would e f f e c t ­
iv e ly  remove more m a te r ia l from the r e a r  of the f i n  than  was removed in  the 
experim ents described  in  the p rev ious ch a p te r .
A ccordingly , a fin n ed  c y lin d e r  was made id e n t ic a l  to  the  p rev ious one 
excep t th a t  the  f in s  were d isp laced  •§• in ,  w ith  re sp e c t to  the  base cy lin d e r ,
A ll o th e r  dim ensions fo r  th i s  new c y lin d e r  were th e  same as f o r  th e  e a r l i e r  
one and the in te rn a l  h e a te rs  were e x a c tly  s im ila r .  * The therm ocouples were 
p laced  in  a s im ila r  manner to o , in  th a t  th ree  o f th e  f in s  were prov ided  w ith  
seven thermocouples each; on one these  were around the base of the  f in ,  on 
an o th e r a t  p o in ts  half-w ay along the  f in ,  and on the  th i r d ,  around the  edge.
IQ7-
P IG . / ] . I .  S K E T C H  OF ECCEN T M C  P IN  SH O W IN G  
O I S P O S I T I O N  O F  T H E  Z t  T H E R M O C O U P L E S .
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The d is p o s i t io n  of the thermocouples i s  shown in  fig* 17*2
The mounting of t h i s  apparatus in  th e  tunnel was no d i f f e r e n t  to  th a t  
f o r  the  p rev ious c y lin d e r , and so a c a l ib r a t io n  check was no t made.
Heat t r a n s f e r  runs follow ed the same procedure as a l l  p rev io u s runs in  
which guard h e a te rs  were used.
The r e s u l t s  o f h e a t t r a n s fe r  experim ents on the  c y lin d e r  w ith  ec c e n tr ic  
f in s  are  shown in  f ig .  17.3 compared w ith  the  r e s u l t s  f o r  the  p rev ious 
c y lin d e r  w ith  co n cen tric  f in s  of the same a re a . I t  i s  seen th a t  the hea t 
t r a n s f e r  from the  two cy lin d e rs  i s  p r a c t ic a l ly  the  same.
This r e s u l t  came as something o f a su rp r ise .
The work of Weiner e t  a l .  w i l l  now be d iscussed  in  a l i t t l e  more d e ta i l  
to  see i f  i t  throws any l i g h t  on th is  problem.
One p o in t a r i s e s  a t  once. When considering  the  r e la t iv e  im portance of 
v a rio u s  p a r t s  of a h ea t t r a n s f e r  su rfa ce , the  im portan t q u an tity  i s  not the 
h e a t t r a n s f e r  c o e f f ic ie n t  b u t the  a c tu a l h ea t t ra n s fe r re d  p e r  square foo t p e r 
h o u r, f o r  even though the  h e a t t r a n s f e r  c o e f f ic ie n t  a t  some p o in t m aybe 
h ig h e r  than  the  average v a lu e , th e  tem perature th e re  may be much low er, w ith  
th e  r e s u l t  th a t  the amount of h e a t a c tu a lly  d is s ip a te d  may very  w ell be 
sm alle r than the  average.
I t  i s  in te r e s t in g  to  look a t  YTeiner* s r e s u l t s  in  t h i s  way.
F ig . 17.4- i s  a graph taken  from th e i r  paper and shows the  v a r ia t io n  of 
the lo c a l  c o e f f ic ie n t  of h ea t t r a n s f e r  along the  r a d i i  through the forward and 
r e a r  s ta g n a tio n  p o in ts .  I t  shows th a t  along the forward ra d iu s  the hea t 
t r a n s f e r  c o e f f ic ie n t  i s  everywhere g re a te r  th an  the  mean v a lu e , e .g . a t  a 
ra d iu s  o f 1 .6  in .  i t  i s  g re a te r  than  tw ice the  mean. Along the  r e a r  ra d iu s
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the  c o e f f ic ie n t  i s  lower a t  the  in n e r r a d i i  and r i s e s  to  a value n e a rly .e q u a l 
to  the mean a t  the  edge. The v a r ia t io n  i s  much le s s  than  th a t  along the 
forw ard ra d iu s .
P ig . 17.5 i s  a graph drawn from a diagram in  the  p aper, ( f i g .  16.7 in  
t h i s  th e s is )  and shows the tem perature d is t r ib u t io n  along these r a d i i  f o r  the 
same t e s t .  By p ick in g  o ff  values o f 0 corresponding to  the va lu es  of h 
i n  f i g .  17*4, f ig .  17*6 has been drawn.
This graph shows th a t  along the forw ard rad iu s  the  a c tu a l  r a te  of h ea t 
tran sm iss io n  i s  le s s  than  the  average f o r  r a d i i  g re a te r  than  about 1.3 i n . ,  
and th a t  f o r  r a d i i  g re a te r  than about 1 .6  i n . ,  i t  i s  ap p aren tly  f a l l in g  very  
ra p id ly .  Again the v a r ia t io n  along the r e a r  rad iu s  i s ,  r e l a t iv e ly ,  much 
l e s s .
P ig , 17.6 g ives a much b e t t e r  id ea  than  f i g ,  17*4 of the  r e la t iv e  
e f fe c tiv e n e s s  of the  various p a r ts  of the f in s  in  the  experim ents by Weiner 
e t  a l .  I t  does n o t ,  however, answer the  problem of- the behaviour o f the 
e c c e n tr ic  f in ,  Por the c y lin d e r  te s te d  by Weiner e t  a l ,  was no t o p era ting  
under co n d itio n s  l ik e ly  to  be met w ith  in  p r a c t ic e .  P in s  would no t norm ally 
be used  in  a problem  of h ea t t r a n s f e r  to  w ater because the very  h ig h  hea t 
t r a n s f e r  c o e f f ic ie n ts  which are  ob ta ined  make the f i n  e f f ic ie n c y  very  sm all. 
F or example, w ith  Y/einer* s c y lin d e r
u  -  n, A iL  -  h i  /  £35 , .X 12 , _ , 17
ub ~ / ky "* 12 x/  220 X 0.05 ~ 4 '
Por t h i s  v a lu e , the e f f ic ie n c y  of f in s  of the geometry used by Weiner
i s  0 .18  , i . e .  the average tem perature d iffe re n c e  i s  only  18 fa of th a t  a t  the
b ase .
This accounts f o r  the ra p id  f a l l  in  the  h e a t t r a n s f e r  along the ra d iu s ;
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a lth o u g h  th e  h e a t  t r a n s f e r  c o e f f ic ie n t  i s  v e ry  h ig h , th e  tem p era tu re  i s  v e ry  
low .
I f  th e  d i s t r i b u t io n  o f th e  h e a t  t r a n s f e r  c o e f f ic ie n t  a long  th e  fo rw ard  
ra d iu s  o f th e  c y lin d e r  w ith  c o n c e n tr ic  f i n s  te s te d  in  th e  p re s e n t re s e a rc h  
were th e  same a s  th a t  shown in  f i g ,  17*4 , then , th e  s i t u a t io n  would be v e ry  
d i f f e r e n t  from  th a t  o f f i g ,  17#6 , f o r  i t s  f i n s  work a t  an  e f f ic ie n c y  o f around 
95$. Thus th e  g raph  o f  a c tu a l  h e a t t r a n s f e r  would n o t be g r e a t ly  d i f f e r e n t  
in  shape and p ro p o r tio n s  from  th e  g raph o f th e  h e a t  t r a n s f e r  c o e f f ic ie n t  : 
a  zone i n  w hich th e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  h ig h  would be a zone where 
th e  a c tu a l  h e a t  t r a n s f e r  i s  h ig h , and s im i la r ly  f o r  a  low h e a t  t r a n s f e r  
c o e f f i c i e n t .  Hence, s in c e  th e  e f f ic ie n c y  o f an  e c c e n tr ic  f i n  w i l l  n o t be  j i
g r e a t l y 'd i f f e r e n t  from  th a t  o f a  c o n c e n tr ic  f i n  o f th e  same d ia m e te r , i f  th e  j j
.  If i n  i s  d isp o sed  e c c e n t r ic a l ly  tow ards th e  a re a  o f h ig h  h e a t  t r a n s f e r  c o e f f i c -  j
|!i
i e n t ,  th e  h e a t t r a n s f e r  shou ld  in c re a s e , j
[I;
But th e  r e s u l t s  show th a t  t h i s  i s  n o t so , , T h is  must mean e i t h e r  |
) ( i )  th e  e c c e n t r i c i ty  o f th e  f i n  a f f e c t s  th e  d i s t r i b u t i o n  o f the
c o e f f ic ie n t  o f h e a t  t r a n s f e r  j
o r  ( i i )  th e  d i s t r i b u t io n  o f  th e  c o e f f ic ie n t  o f h e a t t r a n s f e r  over th e
 ^ I
c o n c e n tr ic  c i r c u l a r  f i n s  t e s t e d  i n  th e  p re s e n t  r e s e a rc h  i s
d i f f e r e n t  from  th a t  found by  W einer e t  al* b y  an amount w hich j
does n o t g r e a t ly  a f f e c t  th e  g e n e ra l shape o f  th e  iso th e rm a l
l i n e s ,  I
j
o r  b o th .
The f i r s t  o f th e se  can be  examined i f  a p o la r  d iagram  o f th e  tem p era tu re  
d i s t r i b u t i o n  i s  drawn* Such a d iagram  i s  g iv en  in  f i g .  17*7 and i t  w i l l  be 
seen  a t  once th a t  t h i s  d i f f e r s  from  th o se  o f f i g .  16 .5  and 16.6 f o r  th e
201*
c o n c e n tr ic  f i n .  The c irc u m fe re n tia l  h e a t- f lo w  i s  much s tro n g e r  over the  
r e a r  o f th e  c y l in d e r .  A f u r th e r  p o in t  i s  th e  sm all tem p era tu re  g r a d ie n ts ,  
b o th  r a d i a l  and c i r c u m fe re n t ia l ,  over th e  r e a r  o f th e  f i n .  These were in  
f a c t  so sm all as to  make i t  r a th e r  d i f f i c u l t  to  draw th e  iso th e rm a ls  betw een 
th e  an g les  135° -and 180° from  th e  forw ard  s ta g n a tio n  p o in t .  They a re  drawn ' 
a c c u ra te ly  enough, however, f o r  i t  to  be c l e a r  th a t  th e  g r a d ie n ts ,  and th e re ­
fo r e  th e  lo c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  over t h i s  re g io n  a re  sm a ll. The 
in f lu e n c e  o f th e  c ir c u m fe re n tia l  h e a t  flow  ex tends r i g h t  to  th e  f r o n t  o f the 
f i n ,  and so th e  d i s t r i b u t i o n  o f th e  h e a t  t r a n s f e r  c o e f f ic ie n t  i s  probablj?' 
changed everyw here.
By how much i t  i s  changed i t  i s  v e ry  d i f f i c u l t  to  say  from  t h i s  
d iagram . The f a c t  th a t  th e  r e g u la r  tem p era tu re  d i s t r i b u t i o n  o f f i g .  16,7 
le a d s  to  th e  r a th e r  i r r e g u la r  d i s t r i b u t io n  o f h e a t t r a n s f e r  c o e f f ic ie n t  shown 
in  f i g .  1 6 .1 , t e s t  I I  (and  f i g .  17*4) em phasises t h i s .
However, i t  must be  remembered th a t  th e  tem p era tu re  d i s t r i b u t io n  
depends upon th e  d i s t r i b u t io n  o f th e  h e a t t r a n s f e r  c o e f f ic ie n t  and n o t v ic e -  
v e r s a .  I f  th e  d i s t r i b u t i o n  o f h e a t  t r a n s f e r  c o e f f ic ie n t  does change when 
th e  f i n  i s  made e c c e n tr ic  i t  must be  due to  changes in  th e  flo w . I t  does n o t 
seem l i k e l y  to  th e  p re s e n t  a u th o r  th a t  th e re  w i l l  be  any m ajor change, i . e .  
th e  g e n e ra l c h a r a c t e r i s t i c s  w i l l  be  th e  same. The changes, ‘th e n  w i l l  be o f a 
seco n d ary  n a tu re  in v o lv in g  th ic k e n in g  o f th e  boundary  la y e r  on th e  f i n  a t  
p o s i t io n s  m easured r e l a t i v e l y  to  th e  b a se  c y lin d e r  and in c re a se  in  th e  e f f e c t s  
due to  th e  i n t e r a c t io n  o f th e  boundary  la y e r s  on th e  f i n  and on th e  base  
c y l in d e r .
I n te r p r e te d  in  t h i s  l i g h t ,  th e  r e s u l t s  from  th e  p re s e n t  experim en ts on 
th e  e c c e n tr ic  f i n  mean th a t  th e se  changes in  th e  flow  a re  s u f f i c i e n t  to
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m odify the  d i s t r i b u t i o n  o f th e  h e a t  t r a n s f e r  to  such an e x te n t th a t  th e  
p r e d ic te d  improvement i s  no t o b ta in e d .
The second in t e r p r e t a t i o n  m entioned above should  now be co n s id e re d .
I t  fo c u s se s  a t t e n t io n  on th e  d i s t r i b u t io n  o f th e  h e a t, t r a n s f e r  c o e f f ic ie n t  
over th e  f i n  a s  found by  W einer e t  a l .
The g e n e ra l r e s u l t s  th a t  th e  h e a t t r a n s f e r  c o e f f ic ie n t  over th e  fo rw ard  
p a r t s  o f th e  f i n  i s  h ig h e r  th a n  average i s  what would be  ex p ec te d , f o r  the  
phenomenon i s  r e a l l y  on ly  one o f  " in l e t  therm al e f f e c t " .  ' But i f  f i g .  16.1 
and 17 .4  a re  examined ag a in  i t  w i l l  be  seen  th a t  th e  a c tu a l  d i s t r i b u t io n  i s  
v e ry  c u r io u s , p a r t i c u l a r l y  f o r  t e s t  I I ,  There i s  no obvious re a so n  f o r  the  
shape o f th e  curve in  f i g ,  17*4 f o r  th e  h e a t t r a n s f e r  c o e f f ic ie n t  along  th e  
r a d iu s  th rough  th e  fo rw ard  s ta g n a tio n  p o in t .  I n  th e  o r ig in a l  p ap e r the  
a u th o rs  say
" The re g io n  o f e x c e p tio n a lly  h ig h  h  about 0 ,4  in .  from  th e  f i n  t i p ,  
seen  in  f i g .  17*4, i s  due to  th e  square  edge on th e  f i n .  T his r e s u l t s  in  a  
c o n tr a c t io n  o f f l u i d  flo w  upon e n te r in g  th e  f i n  p assag e  w ith  a subsequen t 
impingement upon th e  f i n  su rfa ce  in  th e  re g io n  where th e  h ig h  h  v a lu e s  
w ere observed . That th e  f l u i d  flow  was o f t h i s  c h a r a c te r  v/as v e r i f i e d  by 
a t ta c h in g  a f in e  n y lo n  th re a d  to  th e  r im  o f the  u p per t e s t  f i n ,  w hich assumed 
th e  shape o f a s tre a m lin e  and showed inpingem ent i n  th e  above-m entioned 
r e g io n ."
T h is  r a i s e s  th e  q u e s tio n  o f the  n a tu re  o f the  flow  ov er th e  f i n s .  
Im p o rtan t in fo rm a tio n  about t h i s  h as  been  found in  th e  p re s e n t  r e s e a rc h  and 
f u r th e r  d is c u s s io n  w i l l  be re se rv e d  f o r  th e  n e x t c h a p te r .
% See A li ( 9 ) ,  A rabi (1 0 ) .
C H A P T E R  XVIII Q
The e f f e c t  o f th e  F in  Shape on th e  Flow P a t te r n  
D uring the  in v e s t ig a t io n  d e sc r ib e d  in  Chap. 16, th e  purpose o f w hich 
i t  w i l l  be remembered was to  examine th e  e f f e c t  o f f i n  shape on th e  h e a t 
t r a n s f e r ,  re a d in g s  were tak en  in  a d d i t io n  to  th o se  p re v io u s ly  m entioned.
These re v e a le d  a v e ry  i n t e r e s t i n g  and im p o rtan t phenomenon and t h i s  b e in g  
e s s e n t i a l l y  a  flow  phenomenon, d is c u s s io n  o f th e  r e s u l t s  has  been  re se rv e d  
f o r  th e  p re s e n t  c h a p te r .
The t e s t s  a lre a d y  d e sc r ib e d  examined th e  e f f e c t s  o f rem oving m a te r ia l  
from  the  zone o f low h e a t  t r a n s f e r  c o e f f ic ie n t  a t  th e  r e a r  o f th e  c y lin d e r  
and showed th a t  a lth o u g h  th e  h e a t  t r a n s f e r  was red u ced , i t  was n o t reduced 
in  th e  same p ro p o r t io n  as  th e  a re a . I n  o rd e r  to  check th e se  r e s u l t s  and 
t h e i r  i n t e r p r e t a t i o n ,  th e  c y l in d e r  was tu rn e d  th rough  180°  and f u r th e r  
re a d in g s  were ta k en . S ince th e  f r o n t  p a r t  o f th e  f i n  i s  i n  a zone o f h ig h  
h e a t  t r a n s f e r  c o e f f i c i e n t ,  th e n  i f  th e  i n t e r p r e t a t i o n  o f th e  p re v io u s  r e s u l t s  
were c o r r e c t ,  th e  new experim en ts should  show th e  re d u c tio n  in  h e a t t r a n s f e r  
to  be g r e a te r  p ro p o r t io n a te ly  th a n  th e  area„
As th e  t e s t s  p roceeded  and th e  re a d in g s  were p l o t t e d ,  i t  seemed th a t  
th e  r e s u l t s  were ex trem ely  e r r a t i c .  W hereas e a r l i e r  experim en ts checked 
v e ry  w e l l ,  showing a n e g l ig ib le  d is p e r s io n ,  th e se  new experim en ts showed a 
v e ry  w ide d is p e r s io n ,  o f th e  o rd e r  o f 12 -  15 fo> As soon a s  t h i s  was 
r e a l i s e d ,  a l l  c a l i b r a t io n s  were checked; i n  p a r t i c u l a r  th e  e l e c t r i c a l  m ete rs  
and th e  therm ocouple p o te n tio m e te r  were checked a g a in s t  o th e r  m eters known to  ||
to
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b e  a c c u ra te .  A ll th e  m ete rs  appeared  to  be  in  o rd e r . Exam ination o f a l l
th e  e l e c t r i c a l  co n n ec tio n s  showed none to  be  a t  f a u l t .
The experim en ts  were co n tin u ed  and g ra d u a lly  i t  became c l e a r  th a t  ;h
in s te a d  of b e in g  d is p e rse d  as  was thought a t  f i r s t ,  th e  r e s u l t s  a c tu a l ly  la y  
on two l i n e s ,  one about 12 f0 above th e  o th e r .  Thus i t  appeared  th a t  a t  any 
p a r t i c u l a r  v e lo c i ty  th e re  were two p o s s ib le  v a lu e s  f o r  th e  h e a t ' t r a n s f e r .
T h is  seemed to  su g g est th a t  two s t a t e s  o f flow  were p o s s ib le  over th e  f i n s ,  te
and th a t  one o f  th e se  r e s u l te d  in  an in c re a se d  h e a t  t r a n s f e r .  When, d u rin g  
one t e s t  th e  tem p era tu re  changed q u ite  suddenly  and u n acco u n tab ly , t h i s  id e a
was s tre n g th en e d  and i t  was d ec id ed  to  pu rsue  i t .
On th e  n ex t ru n , g re a t  c a re  was tak en  in  s t a r t i n g  th e  tu n n e l m otor and 
a d ju s t in g  i t s  speed to  th a t  re q u ire d . I n  a d d it io n , c a re  was tak en  to  reduce 
th e  d is tu rb a n c e  o f th e  a i r  in  th e  room t o ’ a minimum. Tifltien th e  a p p a ra tu s  
s e t t l e d  down to  a s te a d y  tem p era tu re  and th e  re a d in g  Y/as ro u g h ly  c a lc u la te d ,  
i t  was found to  l i e  on th e  low er l i n e .  The flow  in  th e  tu n n e l was th en  
d is tu rb e d  by  q u ic k ly  in c re a s in g  th e  m otor speed to  i t s  maximum va lu e  and then  
r e tu r n in g  i t  to  th e  o r ig in a l  v a lu e . When th e  te m p e ra tu res  became s tea d y  
a g a in  and th e  re a d in g  was ro u g h ly  c a lc u la te d ,  i t  was found to  l i e  on the  
u p p e r l i n e .
I t  was d ec id ed  now to  examine v i s u a l ly  th e  flow  c o n d itio n s  betw een th e  
f i n s .  For t h i s ,  some th re a d s  o f g la s s  wool w ere drawn out o f a  p ie c e  o f 
g la s s  wool ta p e  and each d iv id e d  many tim es u n t i l  s e v e ra l f in e  th re a d s  about 
1-g- in .  lo n g  w ere o b ta in e d . W ith c a r e ,  th e se  th re a d s  cou ld  be  dravm so f in e  
th a t  th ey  co u ld  o n ly  be seen  c l e a r ly  under a s tro n g  l i g h t .  These were th e n  
a t ta c h e d  to  th e  le a d in g  edge o f th e  f i n s  and a rran g ed  so th a t  th ey  la y  betw een 
a d ja c e n t f i n s .  The tu n n e l m otor was th en  s t a r t e d  v e ry  c a r e f u l ly  as  b e fo re
205.
and th e  h e a te r s  sw itched  on. When th e  tem p era tu res  o f the  a p p a ra tu s  became 
s te a d y , a  rough c a lc u la t io n  showed th a t  th e  r e s u l t  would l i e  on th e  low er 
l i n e .  The g la s s  wool th re a d s  were now examined u n der a  s tro n g  l i g h t  th rough 
a g la s s  p an e l Yrhich had been  f i t t e d  in to  th e  s id e  o f th e  tu n n e l and i t  was 
seen  th a t  th e y  were p r a c t i c a l l y  m o tio n le s s , excep t f o r  a s l ig h t  v ib r a t io n  
n e a r  th e  end w hich a r i s e s  n a tu r a l ly  due to  i n s t a b i l i t y  o f th e  th re a d .
The flo w  was th en  d is tu rb e d  a s  b e fo re  and when th e  tem p era tu res  became 
s te a d y  a g a in , a rough c a lc u la t io n  showed th a t  th e  p o in t  had moved to  th e  
up per l i n e .  On exam in a tio n , the  g la s s  wool th re a d s  w ere seen  to  be in  
v io le n t  m otion , re v e a lin g  th e  f a c t  th a t  th e  flow  betw een th e  f i n s  had b roken  j
down. . ;
T his v is u a l  exam ination  o f th e  flow  c o n d itio n s  was c a r r ie d  out a t  the 
same tim e as  th e  h e a t  t r a n s f e r  ru n s  a t  s e v e ra l  v e l o c i t i e s  and in  ev ery  case  j
th e  r e s u l t s  were a s  d e sc r ib e d  above. T h is  meant th a t  c e r t a in  o th e r  ob serv a- I
t io n s  cou ld  be  made w ith o u t a c tu a l ly  c a r ry in g  out h e a t t r a n s f e r  ru n s , and j
t h i s  g r e a t ly  reduced  th e  tim e ta k e n . |
F u r th e r  experim en ts  w ith  th e  f in e  th re a d s  re v e a le d  th e  in t e r e s t in g  
f a c t  t h a t  th e  s t a t e  o f flow  betw een th e  f i n s  cou ld  be changed by o n ly  a 
tem porary  d is tu rb a n c e  o f th e  flo w , th e  method a c tu a l ly  used  b e in g  to  i n s e r t  
a  -§ i n .  d iam e te r ro d  in to  the  tu n n e l j u s t  upstream  from  th e  t e s t  f i n s  and 
th e n  to  w ithdraw  i t .  At the  h ig h e r  v e lo c i t i e s  t h i s  was s u f f i c i e n t  to  cause 
th e  flow  to  b re a k  down^ a t  low er speeds i t  became n e c e s sa ry  to  move th e  rod  
up and down a few tim es .
By t h i s  tim e i t  was c l e a r  th a t  th e re  were in  f a c t  two p o s s ib le  s t a t e s  
o f  flow  over th e  f i n s ,  one s te a d y  and one tu r b u le n t .  F u r th e r ,  the  s tead y  
flow  had been  shown to  be u n s ta b le  and i t  appeared  th a t  o n ly  a  s l ig h t
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d is tu rb a n c e  was n e c e s sa ry  to  cause th e  breakdown. F in a l ly ,  th e  breakdown to  
th e  tu rb u le n t  form  o f  flow  r e s u l te d  in  an in c re a se  o f about 12 fo i n  th e  h e a t 
t r a n s f e r .
I n  o rd e r  to  g e t a b e t t e r  id e a  o f w hat was happen ing , smoke t e s t s  were 
c a r r ie d  out i n  the  j e t  o f th e  sm all o p e n - je t  wind tu n n e l d e sc r ib e d  in  Chap. 7* 
F o r th e se  a  rough model o f th e  c y lin d e r  was made w ith  a h o le  d r i l l e d  a long  
th e  le n g th  o f th e  f i n ,  th e  opening b e in g  a t  th e  fo rw ard  s ta g n a tio n  p o in t .
Smoke was blown g e n tly  th rough  th i s  h o le  to  mix w ith  th e  boundary la y e r  as 
i t  began  to  form  on th e  f r o n t  o f th e  f i n .
The flow  in  t h i s  tu n n e l i s  f a i r l y  d is tu rb e d ,  s in ce  th e  j e t  i s  
downstream from  th e  p r o p e l le r ,  and o n ly  th e  tu rb u le n t  s t a t e  o f flow  cou ld  be 
observ ed . But w hat was seen was s u f f i c i e n t  to  e:xq>lain the  phenomenon, f o r  
i t  was seen th a t  a lm ost a s  soon a s  the  lam in a r boundary  la y e r  was form ed a t  
th e  le a d in g  edge o f th e  f i n ,  i t  s e p a ra te d  and r o l l e d  up in to  a v o r te x . By 
th e  d if f u s in g  of th e  smoke n e a r  th e  su rfa ce  o f th e  f i n  downstream i t  was 
c l e a r  th a t  th e  boundary  la y e r  su b se q u e n tly  formed was a tu rb u le n t one.
An im p o rtan t f e a tu r e  o f t r a n s i t i o n  phenomena such as t h i s  i s  the  
v e lo c i ty  a t  w hich t r a n s i t i o n  o ccu rs  sp o n tan eo u sly . T h is  w i l l  depend m ainly 
upon th e  degree  o f tu rb u le n c e  in  th e  approaching  s tream  and on w hether any 
la r g e  d is tu rb a n c e s  o f th e  a i r  i n  th e  room a re  drawn in to  th e  tu n n e l. D uring 
th e  p re s e n t  ex p erim en ts  th e  t r a n s i t i o n  v e lo c i ty  was found  by  c a r e f u l ly  
a d ju s t in g  th e  speed o f th e  tu n n e l m otor so as  to  en su re  th a t  th e  re a d in g  would 
be  on th e  low er l i n e ,  and th en  making s e v e ra l  ru n s  one a f t e r  th e  o th e r  u n t i l  
th e  t r a n s i t i o n  took  p la c e .  From th e se  t e s t s ,  d u rin g  which a l l  d is tu rb a n c e s  
o f th e  a i r  i n  th e  room were reduced  to  a  minimum, a v e ry  I n te r e s t in g  f a c t
Q.o’j
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emerged# T h is i s  d is c u s se d  below.
The r e s u l t s  f o r  th e  c y l in d e r  a f t e r  th e  second change i n  shape had been  
made and w ith  th e  c u t upstream , ( t h i s  i s  c a l l e d  th e  fo u r th  change in  shape on 
th e  g ra p h ), a re  shown in  f i g ,  18,1 . The upper l in e  i s  about \Zfo above th e  I ]
lo w er one in  th e  range where th e  two a re  n e a r ly  p a r a l l e l ;  below  t h i s  range j  j  
th e  d if f e r e n c e  i s  g rea te r#  The low er l i n e  i s  th e  one w hich co rresponds to  j  j
|  i
th e  cu rv es  in  Chap. 16, and shows th a t  w ith  a  norm al flow  o v er th e  f i n s ,  i f  I :
!■
th e  a re a  i s  reduced  by  removing m a te r ia l  from  th e  f r o n t ,  th e  h e a t  t r a n s f e r  ; \ 
i s  reduced  in  g r e a te r  p ro p o r t io n . (As in  Chap, 16, th e  d o tte d  l i n e  r e p re s e n ts  | j 1 
th e  h e a t t r a n s f e r  from  the o r ig in a l  f in n e d  c y l in d e r  reduced  in  th e  same !■ j '
p ro p o r tio n  a s  th e  a r e a ) .  The upper l in e  shows th a t  i f  la m in a r s e p a ra tio n  y
I . ?  :  j
I  i  |
o ccu rs  a t  th e  le a d in g  edge, th en  th e  h e a t t r a n s f e r  i s  reduced  in  about th e  1= :
{i :
same p ro p o r tio n  as  the  a re a  f o r  v e lo c i t i e s  above about 12,5 f . p . s .  and l e s s  )[
; !  f i  ■
a t  low er v e l o c i t i e s .  jj
Spontaneous t r a n s i t i o n  o ccu rred  a t  about 33 f . p . s .  Once t r a n s i t i o n  :U 
had tak en  p la c e ,  th e  flo w  w ith  a la m in a r boundary la y e r  cou ld  be o b ta in e d  g 
a g a in  o n ly  by  s to p p in g  th e  tu n n e l m otor and r e - s t a r t i n g  i t .  W ith d i s tu r b -  ||! 
ances in  th e  room, e .g .  th e  d raugh t from  an open d o o r, th e  flow  b ro k e  down a t  !;!’
r
v e l o c i t i e s  a s  low as  20 f . p . s .  jp
F ig . 18 ,2  shows th e  r e s u l t s  f o r  th e  f i f t h  change in  shape , ( i . e .  th e  |j;
t h i r d  change when th e  c y l in d e r  was tu rn ed  th rough  180°), Here the  t r a n s i t i o n  • -
j ;
v e lo c i ty  i s  reduced  to  8 .7  f . p . s .  F o r v e lo c i t i e s  g r e a te r  th a n  t h i s  on ly  th e  y  
tu rb u le n t  flow  cou ld  be  o b ta in e d . i | j |
The la rg e  drop in  th e  t r a n s i t i o n  v e lo c i ty  betw een f i g .  18.1 and 18.2  
i s  v e ry  i n t e r e s t i n g  because i t  can  o n ly  be  due to  th e  change in  th e  f i n  shape, I
I  i i
j I j|
T his change was from  a le a d in g  edge s t r a ig h t  and norm al to  th e  flow  to  one Hj
2\o
I -
£
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O
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swept back  in  th e  d i r e c t i o n  o f flow . The in d ic a t io n  i s  th a t  a t  low v e lo c i ­
t i e s  a f i n  w ith  a  sw ept-back le a d in g  edge i s  p re fe ra b le  to  one w ith  i t s  
le a d in g  edge normal to  th e  flow , ( e .g .  a  square f i n ) .
F ig . 18.3 shows the  r e s u l t s  f o r  th e  c y l in d e r  w ith  e c c e n tr ic  f in s  when 
th e  f i n s  were a rran g ed  e c c e n t r ic a l ly  downstream. The same phenomenon i s  
observed ; h e re  th e  t r a n s i t i o n  v e lo c i ty  was 29.5  f . p . s .
2fo break-dow n in  flow  was n o t ic e d  in  th e  e a r l i e r  experim ents w ith  the
c y l in d e r  w ith  c o n c e n tr ic  f i n s  and w ith  th e  e c c e n t r ic a l ly  f in n e d  c y l in d e r  when
th e  f i n s  were a rran g ed  e c c e n tr ic  up stream . In d eed , i n  th e  l a t t e r  c a s e ,
d e l ib e r a te  a tte m p ts  were made to  induce  t r a n s i t i o n  f i r s t l y  by  d is tu rb in g  the
1flo w  upstream  and then  b y  a t ta c h in g  s h o r t  p ie c e s  o f m .  d iam e te r w ire  
a c ro s s  th e  f i n  j u s t  downstream  of th e  le a d in g  edge. B oth th ese  methods were 
u n s u c c e s s fu l , th e  f i r s t  p roducing  no change, th e  second an in c re a se  in  h e a t 
t r a n s f e r  o f l e s s  th an  5
The above work h as re v e a le d  th e  f a c t ,  a p p a re n tly  p re v io u s ly  u n n o tic e d , 
th a t  two s t a t e s  o f flow  can  e x i s t  over th e  f i n s  o f a f in n e d  c y l in d e r .  One 
i s  a  norm al flo w  where a la m in a r boundary l a y e r  b eg in s  to  form  a t  th e  le a d in g  
edge and s t e a d i ly  grows in  th ic k n e s s  downstream : the  second i s  where
la m in a r s e p a ra t io n  ta k e s  p la c e  a t  th e  le a d in g  edge w ith  th e  subsequent 
re a ttach m en t o f  a  tu rb u le n t  boundary  la y e r .  F u r th e r ,  th e  h e a t  t r a n s f e r  in  
th e  second case  i s  h ig h e r  by  abou t 12 fo th an  in  th e  f i r s t  c a se .
W ith re fe re n c e  to  work w hich h a s  been  d is c u s s e d  e a r l i e r ,  i t  i s  
i n t e r e s t i n g  to  c o n s id e r  th e  lo c a l  d i s t r i b u t io n  o f h e a t  t r a n s f e r ,  w hich may be 
ex p ec ted  w ith  th e  second type o f flow .
2 l i  !
:
t
:
I
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By analogy  w ith  th e  c i r c u l a r  c y l in d e r ,  where a s im i la r  v o rtex  forms 
a f t e r  s e p a ra t io n ,  i t  i s  re a so n a b le  to  suggest th a t  th e  h e a t t r a n s f e r  
c o e f f ic ie n t  w i l l  be low a t  th e  le a d in g  edge and w i l l  g ra d u a lly  in c re a se  u n t i l  
i t  reach es  a maximum n e a r  th e  p o in t  A, ( s e e  f i g .  1 8 .4 ) . T h is  i s  th e  p o in t 
where th e  f l u i d  from  th e  d iv e r te d  main s tream  f i r s t  s t r i k e s  th e  f i n  s u rfa c e . 
From t h i s  p o in t  th e  h e a t t r a n s f e r  c o e f f ic ie n t  w i l l  d ec rease  in  th e  downstream 
d i r e c t io n  owing to  th e  grow th of th e  tu rb u le n t  boundary la y e r .
There i s  a n o th e r p o in t to  be  n o ted  h e re . The flow  around a p la in  
c y l in d e r  tends to  be u n s ta b le  n e a r  th e  fo rw ard  s ta g n a t io n  p o in t .  P a r t i c l e s  
app roach ing  th e  su rfa c e  i n  t h i s  v i c i n i t y  fo llo w  cu rved  p a th s  and s in c e  t h e i r  
v e l o c i t i e s  a re  reduced  by  the  e f f e c t s  o f v is c o s i ty  th e n , i f  th e y -a re  d is p la c e d ,
i t  may be  th a t  th e  ‘’c e n t r i f u g a l  f o r c e s ” th ey  e x e r t  tow ards the  s u rfa c e  a re  j:
|
n o t s tro n g  enough to  c o u n te ra c t th e  p re s su re  g ra d ie n t .  T h is i n s t a b i l i t y  j
\
g iv e s  r i s e  to  a lo c a l i s e d  re g io n  of tu rb u le n c e . M easurements have shown 
th a t  t h i s  does in  f a c t  happen, e s p e c ia l ly  when th e  approach ing  s tream  i s  n o t [
p a r t i c u l a r l y  smooth. (See P ie rc y  ( 5 ) ,  pp .3^7 ,395  and a ls o  f i g ,  3*3b i n  t h i s  . |
t h e s i s  where th e  phenomenon can  be s e e n .) .  I n  th e  p re s e n t  problem , w ith  a 
tu rb u le n t  boundary la y e r  on th e  f i n s  such a lo c a l  re g io n  o f tu rb u len c e  i s  }
a lm ost bound to  e x i s t  n e a r  the  fo rw ard  s ta g n a tio n  p o in t .  T h is w i l l  cause a  j
r i s e  i n  th e  h e a t t r a n s f e r  c o e f f ic ie n t  a s  th e  s ta g n a tio n  p o in t  i s  approached. !
- . - ' t
Hence th e  h e a t  t r a n s f e r  c o e f f ic ie n t  may be ex p ec ted  to  be low a t  th e  
le a d in g  edge, r i s e  to  a  maximum where th e  tu rb u le n t boundary  la y e r  b e g in s , 
f a l l  due to  th e  th ic k e n in g  o f t h i s  l a y e r ,  and th en  r i s e  a g a in  as th e  fo rw ard  |
s ta g n a tio n  p o in t i s  approached. T h is i s  sketched  in  f i g ,  18.5  •
I f  f i g .  18 .5  i s  now compared w ith  f i g .  1 7 .4 , i t  w i l l  be  seen  th a t  w ith  
t h i s  type  o f f lo w , th e  d i s t r i b u t i o n  o f th e  h e a t t r a n s f e r  c o e f f i c i e n t  which
may re a so n a b ly  be expec ted  i s  v e ry  s im ila r  to  th e  d i s t r i b u t i o n  which W einer 
e t  a l ,  a c tu a l ly  found in  t h e i r  re s e a rc h . I t  seems p o s s ib le ,  th e n , th a t  i n  
t h e i r  re s e a rc h  th ey  en co un tered  a  type o f flow  which does n o t always o ccu r . ;
The b eh av io u r o f t h e i r  ny lon  th re a d  s tre n g th e n s  th i s  su g g es tio n . F u r th e r ,  j
when t h e i r  o v e ra l l  r e s u l t s  were c o r r e la te d  w ith  th e  p re s e n t  work th ey  were
i
found to  be  h ig h ; in  f a c t  i f  a mean l i n e  i s  drawn th ro u g h  t h e i r  p o in ts  i t  ;
*l i e s  about 10 % above th e  r e s u l t s  o f th e  p re s e n t r e s e a rc h ,  and t h i s  i s  th e  I
o rd e r  o f th e  in c re a s e s  found above. j
Thus, s in ce  lam in a r s e p a ra tio n  was n o t n o tic e d  w ith  th e  o r ig in a l
|
f in n e d  c y l in d e r  o f th e  p re s e n t  r e s e a rc h , i t  seems q u ite  p o s s ib le  th a t  th e  j
flow  over th e  f in s  o f t h i s  c y lin d e r  was d i f f e r e n t  from  th a t  over th e  f i n s  o f j j j
th e  c y l in d e r  te s te d  by W einer e t  a l .  T h is  would mean th a t  th e  d i s t r i b u t io n  ;
o f h e a t t r a n s f e r  c o e f f i c i e n t  was d i f f e r e n t .  I t  w i l l  be  remembered th a t  t h i s  ]j
was th e  second p o in t r a i s e d  in  th e  l a s t  c h a p te r  in  th e  d is c u s s io n  o f th e  ji
b eh av io u r o f th e  c y l in d e r  w ith  e c c e n tr ic  f i n s .  ||
A p ro b ab le  e x p la n a tio n  o f th e  phenomenon d e sc r ib e d  i n  t h i s  c h a p te r  i s  j -
a s  fo llo w s . 11
I t  i s  a  w ell-know n th e o r e t ic a l  r e s u l t  th a t  when a p e r f e c t  f l u i d  flo w s N 
round a sharp  c o rn e r , th e  v e lo c i ty  a t  th e  c o rn e r  ten d s  to  be i n f i n i t e .  W ith j! 
a r e a l  f l u i d  th i s  canno t happen o f co u rse  and i t  i s  avo ided  by  th e  n a tu r a l  j i
fo rm a tio n  o f a su rfa c e  o f  d is c o n t in u i ty  w hich r o l l s  up to  form  a v o r te x , i . e .  
th e  flo w  w rill s e p a ra te  a t  th e  sharp  c o rn e r .  As th e  th ic k n e s s  o f the  f i n  i s  jj 
in c r e a s e d ' t h i s  w i l l  te n d  to  happen a t  th e  le a d in g  edge.
I n  flo w s where th e re  i s  no sharp  c o rn e r ,  s e p a ra tio n  o f th e  boundary 
la y e r  i s  g e n e r a l ly  due to  th e  e f f e c t s  o f an adv erse  p re s su re  g r a d ie n t ,  as 
e x p la in ed  in  Chap. 3 . Such a p re s su re  g ra d ie n t  e x i s t s  in  th e  case  of a
i.i
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FIG. 18.6.  V A R I A T I O N  OF THE T H E O R E T I C A L  
P R E S S U R E  C O E F F I C I E N T  A L O N G  THE  
S T A G N A T I O N  S T R E A M L I N E  OF A C I R C U L A R  
C Y L I N D E R .
f in n e d  c y l in d e r  f o r  th e  p re s su re  must r i s e  as th e  fo rw ard  s ta g n a tio n  p o in t  i
' i
i s  re a ch e d . The p re s su re  c o e f f ic ie n t  can  be c a lc u la te d ,  (s e e  appendix to  |
Chap. 7 ) and a g raph  o f i t s  va lue  a long  th e  s ta g n a tio n  s tre am lin e  i s  g iven  ]j
i n  f i g .  18.6 .
I f  t h i s  g raph  i s  exam ined, th e  p re s su re  g ra d ie n t w i l l  be  seen to  be
37 37m oderate up to  about —  = 3 * TUhen 1.15 • —  <2 2 i t  i s  sev ere  and
o o
s e p a ra tio n  m ight occu r.
I n  any g iv en  case  th e se  two e f f e c t s  w i l l  combine to  produce s e p a ra t io n .
37At th e  le a d in g  edge o f th e  f i n ,  —  was 1.25 f o r  th e  fo u r th  and f i f t h
o
changes in  shape and 1 .5  f o r  th e  e c c e n t r ic a l ly  f in n e d  c y lin d e r  w ith  th e  f in s
■;l
e c c e n t r ic  downstream. I n  th e se  c a se s  s e p a ra tio n  o c cu rred . . F or th e  con­
c e n t r i c  and e c c e n tr ic  upstream  c y l in d e r s ,  ~  was 2 and 2 .5  r e s p e c t iv e ly ,
o
and h e re  no s e p a ra t io n  was observed . I n  the  case  o f  YTeiner* s c y l in d e r  
r—  was 2.1 . Remembering th a t  s e p a ra t io n  w i l l  a ls o  p ro b ab ly  depend upon
■ o ' - ' '
:-i
th e  tu rb u len c e  in  th e  main s tream , th e se  v a lu es  f i t  i n  w ith  the  above id e a s . i|
There i s  an o th er way i n  w hich a la m in a r  s e p a ra t io n  can  occu r which i s
o f  i n t e r e s t  w ith  re fe re n c e  to  a n o th e r p ie c e  of r e s e a rc h  m entioned e a r l i e r . .
I f  a  f l a t  p l a t e  i s  p la ce d  a t  a. sm all ang le  o f a t ta c k  th e  fo rw ard
s ta g n a tio n  p o in t moves to  the  u n d e r-s u r fa c e . As a  r e s u l t  th e  v e l o c i t i e s  i
|
around th e  le a d in g  edge o f th e  p la t e  become v e ry  l a r g e ,  even i f  i t  i s  rounded 
o f f .  T his w i l l  g iv e  r i s e  to  low p re s s u re s  in  t h i s  re g io n  and on th e  upper 
s u r fa c e  to  a s e r io u s  adverse  p re s s u re  g ra d ie n t ,  s in c e  th e  e f f e c t  i s  l o c a l .
Under th e se  c ircu m stan ces  lam in a r s e p a ra t io n  and subsequent r e —attach m en t o f 
a  tu rb u le n t  boundary  la y e r  can o c cu r .
A lthough the  geom etry o f t h e i r  problem  was much more c o m p lic a te d , t h i s
and what fo llo w s  i s  most p ro b ab ly  th e  e x p la n a tio n  o f th e  work of Schey and ij j 
Bierm ann, ( s e e  Chap. 11, p . 121 ). | !
As th e  an g le  o f a t ta c k  i s  in c re a se d  th e  v o rte x  formed by  th e  s e p a ra tio n  ;i ]
'  i i
w i l l  become e lo n g a ted  and ex ten d  over a g r e a te r  p e rcen tag e  o f th e  chord . j
T h is  w i l l  g iv e  r i s e  to  a  co n tin u o u s in c re a s e  i n  th e  h e a t  t r a n s f e r .  Eventu­
a l l y  the  v o rte x  w i l l  become u n s ta b le  and w i l l  be  washed away, i t s  p lace  tak en  j 
b y  a f r e s h  v o rte x  which w i l l  i n  tu r n  be washed away, and so on. T h is g iv es  • I
J ;
r i s e  to  a s t a t e  o f a f f a i r s  w ell-know n in  aerodynam ics b e ca u se , owing to  the  
p e r io d ic  fo rm a tio n  o f v o r t ic e s  th e re  a re  la rg e  f lu c tu a t io n s  i n  th e  l i f t  
c o e f f i c i e n t  and th e  p o s i t io n  o f th e  c e n tre  o f p re s s u re  which cause  v io le n t  
o s c i l l a t i o n s  o f th e  b a lan c e s  used  f o r  aerodynam ic work. W ith t h i s  s t a t e  o f 
f lo w , th e  upper su rfa c e  w i l l  be w e ll scoured  by  th e  v o r t ic e s  and a c o n s id e ra b le  ;
in c re a s e  in  h e a t  t r a n s f e r  i s  to  be  ex p ec ted . j
1
F u r th e r  in c re a s e  i n  th e  ang le  o f a t ta c k  r e s u l t s  i n  s e p a ra tio n  a t  th e  j
t r a i l i n g  edge too  and th e  flow  ta k e s  th e  form  c h a r a c t e r i s t i c  o f b l u f f  b o d ie s , |
i . e .  a’ v o r te x  s t r e e t  w i l l  be  formed i n  th e  wake. The sco u rin g  o f th e  ;|
- ■ j
s u rfa c e  w i l l  n o t b e  so in te n s e  and i t  i s  p ro b ab le  th a t  th e  h e a t t r a n s f e r  w i l l  I
■!
d e c re a se .
A ll t h i s  i s  i n  agreem ent w ith  th e  ex p erim en ta l work o f Schey and
Bierm ann, I t  w i l l .b e  remembered from  Chap, 11 th a t  th e  maximum h e a t t r a n s f e r
o ^o ccu rred  a t  an  an g le  o f 45 f o r  th e  c i r c u l a r  f i n s  th e y  were u s in g , \
218,
C H A P T E R  XIX
C onclusion  to  P a r t  Two
The second p a r t  o f t h i s  th e s i s  has b een  concerned w ith  th e  problem s 
a s s o c ia te d  w ith  th e  t r a n s f e r  o f h e a t from  a c y lin d e r  whose su rfa c e  a re a  i s  
in c re a se d  b y  th e  a d d it io n  o f  tra n s v e rse  f i n s .
The f i r s t  f in n e d  c y lin d e r  t e s t e d  was b u i l t  up from  a b ra s s  c y l in d e r  o f 
o u ts id e  d iam e te r 2 in ,  to  which were so ld e red  c i r c u l a r  c o n c e n tr ic  b ra s s  f i n s  
o f d iam eter 4  i n . ,  th ic k n e ss  i n . ,  p i tc h  -g- in .  The ex p erim en ta l te c h ­
n iq u e  was s im ila r  to  th a t  employed i n  the work on th e  p la in  c y l in d e r  re p o r te d  
i n  P a r t  One,
C o n s id e ra tio n  was f i r s t  g iven  to  th e  r e l i a b i l i t y  o f  th e  th e o r e t i c a l  
s o lu t io n  a v a ila b le  f o r  th e  c a lc u la t io n  o f th e  h e a t t r a n s f e r  th rough  th e  f i n s .  
By com paring c a lc u la te d  v a lu e s  w ith  th e  ex p erim en ta l r e s u l t s ,  i t  has b een  
shown th a t  th e  th e o r e t i c a l  s o lu t io n  g iv e s  good r e s u l t s  i f  m easured h e a t 
t r a n s f e r  c o e f f ic ie n t s  a re  based  on th e  t o t a l  su rfa ce  a re a  o f th e  c y l in d e r  and 
th e  w eigh ted  mean tem p era tu re  o f th e  f i n s  and e v a lu a te d  to  in c lu d e  th e  
r a d ia t io n  lo s s .
The problem  o f  e s tim a tin g  th e  h e a t t r a n s f e r  c o e f f ic ie n t  f o r  a  g iven  
f in n e d  c y lin d e r  was th e n  c o n s id e re d . A f te r  a d im ensional a n a ly s is  o f th e  
p roblem , an e q u a tio n  was developed f o r  th e  h e a t t r a n s f e r  from  th e  c y lin d e r  
t e s t e d  in  th e  p re s e n t  re s e a rc h  from  th e  r e s u l t s  o f  e a r l i e r  w ork, Yfhen t h i s  
e q u a tio n  was compared w ith  th e  a c tu a l  ex p erim en ta l r e s u l t s  th e  agreem ent was
219.
found to  be  e x c e l le n t .  On th e  b a s is  o f  t h i s  work an e q u a tio n  has been  
developed w hich c o r r e la te s  th e  r e s u l t s  o f th e  p re s e n t  r e s e a rc h  w ith  th o se  o f 
e a r l i e r  work on n in e  d i f f e r e n t  f in n e d  c y l in d e r s .
R ecent work on a f in n e d  c y l in d e r ,  in  which lo c a l  v a lu es  o f th e  h ea t 
t r a n s f e r  c o e f f ic ie n t  were m easured, su g g es ts  th a t  i t  may be p o s s ib le  to  
im prove th e  perform ance o f the  f i n s  by changing t h e i r  shape. T h is  p o s s ib i l ­
i t y  h as  been  examined h e re  by  m odify ing  th e  shape o f the  f i n s  on th e  o r ig in a l  
c y l in d e r .  I t  h a s  b een  shown th a t  th e  perform ance can  be improved by  
rem oving m a te r ia l  from  th e  r e a r  o f th e  f i n s ,  i . e .  th e  a re a  o f  th e  f i n s ,  (and  . : 
th e re fo re  t h e i r  w e ig h t) , may be reduced  in  t h i s  tray w ith o u t red u c in g  th e  h e a t  
t r a n s f e r  in  th e  same p ro p o r tio n ,
The r e s u l t s  o f th e se  f u r t h e r  experim en ts suggested  th a t  th e  h e a t 
t r a n s f e r  from  a g iv en  f in n e d  c y l in d e r  m ight be in c re a s e d  i f  the  f i n s  were 
a rran g ed  e c c e n t r ic a l ly  upstream . To check t h i s ,  a second f in n e d  c y lin d e r  
was b u i l t ,  i d e n t i c a l  to  th e  f i r s t  excep t th a t  th e  f i n s  were e c c e n tr ic  w ith  
r e s p e c t  to  th e  b a se  c y l in d e r .  E xperim ents on t h i s  c y lin d e r  have shown th a t  
th e  h e a t  t r a n s f e r  i s  p r a c t i c a l l y  th e  same a s  th a t  from  th e  o r ig in a l  f in n e d  
c y l in d e r .
The experim en ts  w ith  th e  f i r s t  c y l in d e r  a f t e r  th e  changes in  shape had 
b een  made have re v e a le d  an e f f e c t  n o t m entioned in  p re v io u s  w ork, f o r  two 
s t a t e s  o f flo w  over th e  f i n s  w ere en co u n te red . I t  h as  appeared  th a t  b e s id e s  
th e  norm al f lo w , lam in a r s e p a ra t io n  o f th e  boundary  la y e r  can  ta k e  p la c e  a t  
th e  le a d in g  edge o f th e  f i n  w ith  th e  subsequent re a ttach m en t o f a  tu rb u le n t  
boundary  l a y e r .  The h e a t  t r a n s f e r  f o r  th e  second flow  was found  to  be 
about 12 fo g r e a te r  th an  f o r  th e  f i r s t ,  .
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T ra n s i t io n  from  th e  norm al to  th e  se p a ra te d  flo w  was found to  depend 
upon th e  v e lo c i ty  o f th e  a i r  and th e  shape o f th e  le a d in g  edge. At
p r a c t i c a l l y  a l l  v e lo c i t i e s  which cou ld  he  o b ta in ed  w ith  th e  p re s e n t w ind- 
tu n n e l ,  t r a n s i t i o n  co u ld  be induced by  a  sm all d is tu rb a n c e , even i f  on ly  
tem porary , j u s t  up stream  from  the f i n s .
P ro b ab le  re a so n s  f o r  th e  phenomenon have been  g iv en .
A f te r  a  c o n s id e ra t io n  o f th e  p ro b ab le  d i s t r i b u t i o n  when s e p a ra t io n  
ta k e s  p la c e  and o f rem arks made by  th e  experim en ters  th em se lv es , i t  h as  been  
su g g es ted  th a t  th e  shape o f p o la r  d iagram s o f th e  d i s t r i b u t i o n  o f th e  lo c a l  
c o e f f i c i e n t  o f h e a t t r a n s f e r  g iv en  i n  a  p rev io u s  p a p e r  was a f fe c te d  by  
s e p a ra t io n .
T A B L E S
iI
I
TABLE OHS
C alib ration  o f  YiFind Tunnel
Specimen Log-Sheet 
Empty Tunnel : Run No, 4
C A S E L L A R E A D I N G-. cm.
9 in .  UPSTREAM 6 in .  UPSTREAM
2.319 2.321 2.316 3.321 2.326 2,323 2.316 2.320
2.321 2.319 2.315 2.318 2,329 2.320 2.327 2.320
2.319 2.325 2.318 2.325 2.326 2.326 2.326 2.325
2.324 2.321 2.325 2.325 2.328 2.325 2,326 2.332
C a s e lla  Zero Reading = 2.041 cm. 
Mean V e lo c ity  Head = 0 ,282  cm.
Chat took  Reading = 0 ,120 in ,
C hattock  Zero Reading = -0 ,001 in .  
S t a t i c  Head = 0 , 1 2 1  i n .
Wet Bulb = 4 7 .7  °F . 
Dry Bulb = 54*0 °F . 
B arom eter = 755.3 mm.
TABLE TWO
C alib ration  o f  Wind Tunnel
R esu lts
E M P T Y  T U N N E L
ACTUAL READINGS CORRECTED VALUES
S ta t ic
Head
in .
Wet
Bulb
°F.
Dry
Bulb
o„P.
Barometer
mm.
Mean
Velocity-
Head
cm.
S ta t ic
Head
in .
V elocity
Head
in .
0.021 51.2 58.8 751.5 0,056 0.205 0.022
0,060(5) 46.5 52.0 754,8 0,137 0,061 0.054
0.080 47.7 54.7 754.8 0.186 0.080 0.073
0.121 47.7 54.0 755.3 0.282 0.121 0.111
0,153 49.2 55.0 763.8 0.155 0,155 0.142
0.200 49.5 55.8 763.8 0*484 0.202 0.193
0.250 52.8 57,6 760.5 0.611 0.251 0.241
0,351 53.0 57.8 760.5 0.868 0.351 0.342
0.451 53.3 58,1 764.1 1.133 0.452 0.448
0.550 54.3 58.1 764.1 1,387 0,551 0.553
W I T H C Y L I N D E R  I N P 0 S I  T I  0 N
0,035 0,069 0.035 0.028
O.O65 53.0 64.3 769.0 0,140 O.O65 0.055
0.100 0.229 0,100 0.090
0,150
0.210
0.275
0.360
53.9
55.5
65.1
57.1
769.9
0,350
0.516
0.688
0.917
0.150
0.210
0.275
0.360
0„138
0.208
0.271
0.361
TABLE THREE
Heat T ran sfe r from P la in  C ylinder ~ Normal A irstream
Specimen Log-Sheet Rim No.1.
Main H eater. C urrent = 2 imp.
Nominal Chattock read ing  = 0 .0 5  in .
Wet Bulb = 63,5°E. Dry Bulb = 69.5°E •
Barometer = 761.7 mm.
THERMOCOUPLE READINGS mV . i
E N D  P L U G S
THERMOCOUPLE UPPER LOIEK
NUMBERS In sid e O utside In s id e Outside
1, 2,3 ,4•• 2.37 2.14 2.31 2.095
C Y L I N D E R
ER0NT SIDE BACK
5 ,6 ,7 . 1.61 1.80 1.63
8 ,9 ,1 0 . 1.60 1.65 1.65
11,12,13. 1.63 1.68 1.66
14,15,16. 1.65 1.71 1.72
17,18 ,19 . 1,68 1.705 1.715
20,21,22. •1.65 1.69 1.685
23,24,25. 1.63 1.67 1.66
26,27,28. 1.595 1.63 1.63
W A L L  S
29,30,31,32. 0.41 0.41 0.41 0.42
33,34 ,35 ,36 . 0.42 0.42 0.42 0 .42
37 ,38 ,39 ,40 . • 0.42 0.43 0.43
41,42 0.43 0.43
True Chattock read ing  = 0.050 in .  Main H eater Voltage = 99 V.
TABLE FOUR
R esu lts  fo r  P la in  C ylinder -  Normal Airstream ,
Runs 1 - 8  w ith  en d -lo sses ,
Rims 9 - 1 6  u sin g  guard h e a te rs .
RUN Q to t  Btu 
h r .
Q end 
Btu 
hr*
Q rad  
Btu 
h r .
Q oonv 
Btu 
h r .
t s
°F
t a
°F
e
°P °F
h
Btu
ffc^hr.^1
V
f .p .S .
Re
10~3
Nu
in ch
Rad11*
Nu
Conv.
only
1 676 3.67 96.4 576.0 174.2 70.0 104.2 122.2 7 .9 14.7 12,68 95.8 82.1
2 690 4 .34 82.5 603. 2. 162.0 72.5 89.5 117.3 9.62 22b 2 19.41 114.7 100.7
3 690 3.78 74.4 611,8 154.4 68.9 85.5 111.7 10.23 25.4 22.58 121.0 108.2
4 690 4.16 63.3 622.5 144.0 71.6 72 .4 107.8 12.28 29.4 26,52 143.7 130.2
5 690 3.96 56.9 629.1 139.2 72.0 67.2 105.6 13.38 33.7 30.58 155.2 142.3
6 676 3.78 50.0 622,2 ■135.0 70.2 61.3 100.9 14.52 36.6 33.68 165.2 155.7
7 680 3.86 46.5 629.6 128.5 70.2 58.3 99.4- 15.43 39.0 36.06 177.9 165.9
8 1108 6* 64 84.8 1016.6 166.2 70.5 95,7 118.4 15.16 41.1 35.78 171.9 158.3
9 I - 183.7 799.3 237.2 70.7 166,5 154.0 6.86 12.8 10.01 84.0 68.3
10 - 148.2 834.8 211.0 64.8 146,2 137.9 8.14 16.8 13.81 97.9 82.8
11 124.3 857.5 196.4 70.2 126.2 133.3 9.71 21.1 17.57 114.2 99 .4
12 - 109.2 873.8 183.2 68.9 114.3 126.1 10.91 25.8 21.88 127.1 112.9
13 - 97.6 885.4 174.6 68.9 105.7 121.8 11.88 29.7 25,60 138.3 123.6
14. - 83.6 899.4 157.1 61.7 95 .4 109.4 13.47 35.0 31.40 155.9 142.6
15 - 75.3 907.5 155.8 68.9 86.9 112.4 14.92 39.6 35.15 170.8 157.3
16 >f
- 56.8 926.2 135.0 70.2 64.8 102.6 20.42 46,0 42.15 232.0 218.5
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TABLE FIVE
R esu lts  fo r  P la in  C ylinder -  Turbulent Stream, 
(For meanings;, o f s ig n s  in  l a s t  column see f i g ,  6 .6 ) ;
RUN Q to t  
Btu 
hr.
Q rad 
Btu 
hr.
Q conv 
Btu 
hr.
t s
°F
t ao_F
e
°F
V
f . p . S .
Re
10~3
Nu
17 655 52.3 603 129.0 64.0 65.0 97.0 29.9 27.85 142.7 O
18 655 67.4 588 141.0 61.0 80.0 101.0 18.0 16.57 112.6
19 655 61.0 594 132.0 54.0 7 8 .0 93.0 16.8 15.88 117.8
20 655 55.8 599 126.0 55.0 71.0 91.0 20.6 19.58 130.8
21 655 47.6 607 117.4 55.0 62 .4 86.0 30.6 29.60 152.0
22 648 39.5 608 108.0 55.0 53.0 82.0 35.4 34.65 180.2
23 655 73.8 581 154.0 70.0 84.0 112.0 17.3 15.39 104.3
24- 655 62,7 592 142.0 68.0 74.0 105. 0 : 21.2 19.28 121.8 X
25 651 47.0 604 129.0 70.0 59.0 100.0 ‘30.2 27.88 156.8
26 655 55.8 599 125.0 71.0 54.0 98,0 37.4 34.80 170.3
27 655 72.6 582 147.0 62.0 85.0 105.0 16,9 15.37 104.2
28 658 63.9 594 137.0 59.0 78.0 98.0 20.6 19.18 117.0 A
29 655 47.6 607 120.2 58.0 62.0 89.0 29.7 28.40 152.4
30 638 39.5 598 112.2 60.0 5 2.0 86.0 37,7 36.45 179.7
31 655 77.8 577 151.0 61.0 90.0 106.0 17.4 15.78 97.5
32 655 52.3 603 129.0 64.0 65.O 97.0 29.9 27.85 142.7
33 648 73.2 575 ■149.5 63.5 86,0 107.0 16.8 15.17 101.3
34 648 56.3 592 129.3 57.2 72.1 93.3 20.7 19.51 127.0 A
35 984 76.9 907 153.0 64.4 88.6 108.7 30.3 27.25 154.7
36 648 38.1 610 108.5 57.2 51.3 82.9 37.5 36.55 187,0
37 596 60.4 536 137.3 66.2 71.0 102.0 20.6 18.89 115.4
38 596 43.0 553 119.9 66,2 54.0 93.0 35.7 33.65 158.3
39 596 73.2 523 143.0 71.5 71.0 108.0 20.0 18.00 111.6 □
TABLE SIX
T h eoretica l V e lo c ity  D is tr ib u t io n s , 
For n o ta tio n  see Appendix Chap. 7.
D
d S=: CX9
JL
D
1
1-COSr~J^
D
d ~ 12.8
D
d = 5.33
JL
ro
V
V0 r0
V
V0
JL
r0
V
V0
1 2 0.0391 33.35 1 2.014
1.5 1 • 444 0.0742 9.34 ' 1.9 1.284
2.0 1.25 0.094 5.88 2.41 1.179 1 2.056
2.5 1.16 0.1 5.24 2.56 1.159 1.067 1.94
3 .0 ' 1.112 0 .2 1.52 5.12 1.0462 2.135 1.273
3 .5 1.0816 0 .3 0.746 7.68 1.0237 3 .2 1.134
4 .0 1.0625 0 .4 0.553 10.23 1,0168 4.27 1.099
5 .0 1.04 0 .5 0.50 12.8 1.0152 5.33 1.089
6.0 1.0278
7.0 1.0204
8.0 1.0156
10.0 1.01
TABLE SEVEN
Measured V elocity  D is tr ib u tio n s
S ta t ic  head = 0.050 in .  ■,
Upstream v e lo c ity  = 14.2 f . p . s .  M;
A ir tem perature = 65.9 P. [
C ylinder d ia , = 3 in .  ?  = 5.33 |
D istance from w a ll ,  in . 2 14 4 12 5 11 6 10
C a se lla  Reading, cm. 2.763 2.767 2,745 2,749 2.713 2.726 2.675 2.688
V elo c ity  head cm. 0.156 0.152 0 .174 0.170 0.204- 0.183 0.244 0.231
V e lo c ity  f .p . s . 16.4 16.2 17.3 17.1 18.75 17.75 30.5 30.0
JL
r0
4 2. 667 2 1. 333
Mean v e lo c i ty  f .p . s . 16*3 17 .2 18.25 20 .25
V
V0
1. 148 1. 212 1. 286 1.427
C ase lla  zero read ing  = 2,919 om.
S ta t ic  head = 0.300 in .
Upstream v e lo c ity  = 36.1 f . p . s .
A ir tem perature = 65.9 °P. i!
C ylinder d ia . = 1 .2 5  in .  —■ = 12,8 f
u. 5
D istance from w a ll ,  in . 
C asella  read ing, cm. 
V e lo c ity  head, cm. 
V e lo c ity , f .p . s .
2
2.092
0.830
37.8
14
2.077
0.845
38.2
4
2.082
0.840
38.1
12
2.075
0.847
38.2
6
1.994
0.928
40.0
10
2.017
0.905
39.5
7
1.854
1.068
42.0
9
1.931
0.991
41.3
JR.
r0
Mean v e lo c i ty ,  f .p . s .
V
v0
' 9 .6
38.0
1.052
6 .4
38.15 
. 1.057
3 .2
39.75
1.100
106
41 .65 
1.153
C ase lla  zero read ing  = 2S922 cm.
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TABLE EIGHT 
P ressu re  D is tr ib u tio n  Measurements
Specimen Log-Sheet
S ta t ic  head = 0,050 in .
C ylinder d ia , = 3 in ,  ^  = 5*33 
C ase lla  zero =s 2,902 cm.
=■ 0.102 cm. H20
Azimuth
Degrees
C asella
Reading
cm.
P - P 0
cm. HgO
p -  p * 0 AzimuthDegrees
C ase lla
Reading
cm.
P - P 0 
cm. HgO
P -  P * xo
I 2 — ,0 V' Q. ( 0
1 2 s 
2 PVo
-10 2.803 0.099 0.971 85 3.051 -0.149? -1.461
0 2,802 0.100 0.981 90 3.052 - 0.150 -1.471
10 2.828 0.074 0.726 95 3.052 - 0.150 -1.471
20 2.868 0.034 0.333 100 3.052 -0,150 -1.471
30 2.926 -0 ,024 -0,235 110 3.053 -0.151 - 1.481
40 2.982 -0.080 -0 .784 120 3.055 -0.153 - 1.500
50 3.036 -0.134 -1.313 130 3.061 -0,159 -1.558
60 3.073 -0 ,171- -1.677 140 3.066 —0.164 -1.608
65 3.075 -0.173 - 1.696 150 3.065 -0.163 -1.598
70 3.071 -0,169 - 1.658 160 3.068 -0.166 -1,628
75 3.059 -0.157 -1.539 170 3.068 -0.166 -1.628
80 3.058 -0.156 -1.529 180 3.068 —0,166 -1.628
190 3.068 -0,166 -1.628
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TABLE m m
Pressure D is tr ib u tio n  Measurements
R esu lts .
Azimuth
Degrees
P -  P0
Azimuth
P -  PQ
2 ( ° VoX
Closed . 
J e t
|  = 12.8
Open
J e t
1 - 3 . 0
Open
J e t
2 . 8 . 0
Degrees Closed
J e t
|  = 12.8
Open
J e t
2 . 3 . 0
Open
J et
2 . 3 . 0
-10 0.974 0.944 0.945 120 - 1,236 -0.174 -0.885
0 0.963 0.980 1.000 130 - 1.260 -0.179 - 0.926
10 0.767 0.893 0.951 140 - 1.272 -0 ,174 -0.941
20 0.388 0.677 0.744 150 - 1.300 - 0.169 -0.945
30 -0.128 0.354 0.402 160 “1.303 -O.164 -0 ,944
40 -0.671 0.021 0.037 170 -1.310 -0.159 -0 .914
50 -1.148 -0.246 -0.490 180 - 1,310 -0.159 -0.878
60 -1.412 -0 .334 -0.870 190 -1.298 -0.159 -0.861
70 -1.384 -0.231 - 1.062
80 - 1.268 -0 .174 -1.063
90 -1.211 -0.169 -0.931
100 -1.211 -0.174 -0,893
110 -1 .214 -0.174 -0.885 '
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TABLE TEH
Heat T ran sfe r from Finned C ylinder
Specimen Log-Sheet
Main H eater * C urrent = 3 .5  Amp.
Voltage = 58.0 V olt.
Guard H eaters : C urrent (Upper) = 0 .32  Amp.
(Lower) = 0 .1 6  Amp. 
V oltage (Upper) = 6.3 V olt.
(Lower) = 3 .3  V o lt,
Chattock read ing  = -0 .03  in .
A ir tem peratures ; Upstream = 68.0 °P
In  Wake = 72.1 °P
Wet Bulb = 52.8 °P Dry Bulb = 67.0 9P
Barometer = 764.2 mm.
Thermocouple Readings :
GUARD HEATERS
Inner
Outer
Upper Lower
4.60
4.595
4.005
3.995
P I N S
0°
Oo
60° 90° 120° 150° 180°
Base 1.14 1.17 1.155 1.18 1.20+ 1 .2 3 - 1.215
Middle 1.03 1.09 1,11 1.135 1.16 1.17 1.19
Edge 1.07+ 1.08 1.09+ 1.12 1 .14 - 1.15 1.15+
TABLE ELEVEN
R esu lts  fo r  Finned Cylinder
RUN Q to t
Btu
h r .
Q rad
Btu
hr.
Q oonv
Btu
h r .
I
^fw
°F
t a
°F °P °F
4 h
Btu
ft? h r°F
V
f ep, So
!
0 
1
pi 
0 Nuto t
1
\
27.9 664.1 120.5 116.5 69.1 51.4 47.4 0.923 7.57 ■14.2 14.69 85.55
2 37.9 654.1 137.0 132.5 70.1 66.9 62.4 0.933 5.75 10.8 11. 18 65.0
3 21.8 670.2 106.5 102.0 65.4 41.1 36.6 0.891 9.80 20.9 21. 64 110.8
4 692 14.8 677.2 100.0 96.0 68,0 32.0 28,0 0.875 12.8 29 .5 30.50 144.7
5 12.6 679.4 95.0 91.0 69.0 26.O 22.0 0,846 16.3 38.2 39. 55 184.0
6 24.8 669.2 116.5 112.0 70.3 46,2 41.7 0.903 8.59 17.4 18.02 97.0
7 >f 17.4 674.6 104.0 99.5 68.8 35.2 30.7 0.872 11.7 25.7 26. 60 132.0
8 ' !
\
60.9 1975.1 17-2.5 163.0 75.5 97.0 87.5 0.903 12.1 27.6 28.56 136.1
9 2(336 44 .4
1991.6 193.5 182.0 73.8 119.7 108.2 0.905 9.74 20.7 21, 42 110.1
10 45.3 1990.7 161,5 149.5 72.6 88.9 76.9 0.869 13.7 31 .9 33.02 155.0
11 , Nf 100.0 I 936.O 218.0 206.5 78.0 140.0 128.5 0.918 8 ,2 16.5 17.08 92.8
12
\
\
i*12
V
57.5 1354.5 154.5 146.2 72.9 81.6 73.3 0.898 9.97 22.5 23.28 113.0
13 33.1 1378.9 136.2 127.4 75.9 60.3 51.5 0.854 14.2 35.0 36.24 160.5
14 509 14.8 494.2 99.5 96.3 71.0 28.5 25.3 0.888 10.4 117.6
15 905 28.8 876.2 125.0 119.6 72,3 52.7 47.3 0.897 9.9 20.9 21. 64
111.9
16 1412 51.4 1360,6 153.0 ■144.3 66.8 86.2 77.5 0.899 9.44 106.7
17 2036 74.9 1961.1 187.4 175.5 67.6 119.8 107.9 0.903
i______
9.76
>f >f
110.3
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TABLE TWELVE 
T h eoretica l C a lcu la tion s fo r  Finned C ylinder.
Ub 0,1 0 .2 0 .3 0 .4 0 .5
L i W ) 1,003 1.010 1.023 1.040 1.063
0.030 0.1005 0.1517 0.2040 0.2579
2.427 1,753 1.372 1.115 0*9244
4 , ( 10,) 9.854 4.776 3.056 2.184 1.656
V^2, 0.2047 0.4094 0.6141 0.8188 1.025
I v( w ) 0.1030 0.2088 0.3217 0.4448 0.5821
14 (W ) 4.654 2.120 , 1.259 0.8297 0.5785
I 3
0.02213 0.09851 0.2555 0.6863 1.007
4> . 0.999 0.9815 0.9555 0.9255 0.885
K 0.0936 0.3700 0.815 1.403 2.105
TABLE THIRTEEN
Results for Cylinders with Modified Fins
RUN
Q to t
Btu
h r . °F
t a
°F
®  b 
0P
_H_
® b
B tu
h r .  °F
V
f . p . s  .
PIN SHAPE
1 f 117.3 65.7 51.8 13.37 14.2
2 692 134.3 69.5 65.0 10.65 10.8 F i r s t  change
3 f 105.2 65.1 40.1 17.27 21.1 in  shape.
4 / 105.2 64. 5 40 .7 22,12 30.0
5 y 100.8 66.5 34.3 26.25 39.0
6 f 123.5 6 7 . 6 55.9 12.39 14.2
7 \|
1C.
t 113.5 70.4 43.1 16.07 20.9
8 )\ 115.6 71.0 44.6 20.48 30.0
9 122.2 71.9 50.3 18.19 25.1
10
Q- 109.5 68.1+ 45.1 22.22 35.0 Second change
11
7 14- 107.0 6 9 . 8 37.2 24.56 39.9 in  shape.
12 131.0 61+.6 66,4 13.78 17.1
13 \1 165.8 6 9 . 0 96.8 9 .44 10.5
14 i
\
189.6 73.3 116.3 5.95 6.6
13 Cx I62 .O 71.2 90.8 7.63 8.0
16 d;
1 c .
132.8 69.8 63.0 10.99 12.7
17 t 128.8 72.7 56.1 12.33 16.7
18 914 121.8 71.8 50.0 18.29 29.5
19 692 147.6 70.1 77.5 8.94 10.5
20 142.2 6 9 . 6 72.6 12.58 16.8
21 135.6 70.3 65.3 14.00 21.0 T hird  change
914
22 126.2 70.0 56.2 16.27 25.7 in  shape.
23 \! 112.0 68.1 43.9 20.8 36 .4
24
\
136.2 6 7 . 9 68.3 10.13 12,6
23 160.5 69.1 91 .4 7.58 8 .8
26
1C
166,5 69.6 96.9 7.15 8.0
27 \! 184.2 70.5 113.7 6.09 6 .7
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TABLE THIRTEEN A
Results for Cylinders with Modified Fins.
RUN
Q to t
Btu
h r .
%
°F
t a
°F
■ « b
°p
JL
0b 
Btu 
h r . °F
V
f .p .s*
F in
Shape
Flow
1 692 142.2 71.3 70.9 9.77 14.2
2 > 123.6 70.3 53.3 12,98 20.9
3 / 154.8 73.2 81.6 11.19 17.2
4 ' 914 190.8 76.2 114.6 7.98 10.7
5 \( 137.0 74.5 62.5 14.63 25.0 L
6 692 210.2 7 6.6 133.6 5.183 6.45 A
7 914 121.3 69.1 52.4 17.42 30,0 Fourth M
8 /\ 141.0 71.9 69.1 10.02 14.7 I
9 6$)2
130.2 72,1 58.1 11.91 18.8 Change in IT
10 133.0 66.1 66.9 13.67 22.7 A
11 >/ 120.4 66.4 54.0 16.92 29.6 Shape R
12 692 176.8 70.4 106.4 6.5 8.5
13 / 119.8 61.6 58.2 15.7 27.0
14 141.0 65.2 75.8 12.07 18.5
15 138.5 69.1 69.4 13.18 20.9
16 914 128.8 68.9 59.9 15.26 25.7
17 122.2 69.0 53.2 17.17 29.5
18
t
116.6 68.5 48.1 18.98 32.6
Continued : -
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TABLE THIRTEEN A (Continued)
Results for Cylinders with Modified Fins.
RI1
Q to t
Btu
h r . °E
t a
o_F °F
H
8b
Btu 
hr. ^F
V
f  .p . s
Fin
Shape
Flow .
19 914 113.2 68.9 44.3 20.65 32.6
2 0
V 131.0 69.5 61.5 11.27 14.2 T
21 138.5 69.9 68.6 10.09 12.4 U
22 692 145.0 69.2 75.8 9.14 10.6 R
23 155.0 69.9 85.1 8.13 9.0 Fourth B
24 Ai 163.5 70.2 93.3 7.42 8 ,0 Change in U
25 914 132.8 64.2 68* 6 13.32 18.5 Shape L
26 692 117.8 71.3 46.5 14.88 21.3 E
27
/
117.0 69.1 47.9 19.07 30.0 K
28
914
116.4 73.4 43.0 21.26 35.1 T
29 125.5 70.8 54.7 16.7 25.O
30 %r 116.8 69.0 47.8 19.12 30.0
31 /\ 212.8 73.7 139.1 4.97 7.1
32
33
6<) 2
200.4
188.6
73.5
69.8
126.9
118.8
5.46
5.83
8.0
8.6
LAM**
EAR
34 V! 172.6 69.8 102.8 6.74 8.6 T
35 914 118.8 70.8 48.0 19.03 38.8 F ifth U
36 / \ 157.5 72.5 85.0 8.14 11.3 Change in R
37
6s) 2
■145.2 72.8 72.4 9.56 14.2 Shape B
3 8 ■136.8 73.3 63.5 . 10.9 17.3 U
39 >/ 129.5 73.8 . 55.7 12.42 20.8 L
40
41
y
>
S'
4
137.2
134.2
74.3
74.8
62.9
59.4
14.53
15.38
25.7
29.1
-
E
IT
T
TABLE FOURTEEN
Results for Cylinder with Eccentric Fins
RIM
Q to t
Base Middle Edge
t a e * H V Plow
Btu
V\v» °F °F °F °F °F Btu flp.S.
h r .°F
. 1
/
99.0 95.5 95.0 64.9 34.1 22.4 29.5 E
2 7 64 ■103.5 100.0 98.5 65.5 38.0 20.1 25.8 C u
3 \ 110.0 107.2 105.0 67.3 43.7 17.48 21.0 0 p
4
5
T
770.5
... ........
129.5
100.5
126.2
96.2
125.2
95.0
70.1
70.2
59.4
30.3
12.98
25.45
14.2
36.8
E
N
s
T
6 f
764
. A. . . . .
145.0 142.2 141.5 69.8 75.2 10.16 10.0 L T R
7 96.5 93.0 92.0 68.2 28.3 26.95 38.6 A R E
8 770.5 ■137.2 134.0 132.8 73.5 63.7 12.1 13.1 M I A
9 764 124.2 121.5 120.0 71.9 52.3 14.6 17.0 I _ 0 _ I'/1”
10 770.5 164.6 161.5 161.5 75.1 89.5 8.61 10.8 N
11 764 126.0 122.8 122.8 70.3 55.7 13.6 20,5 A
12 163.2 160.5 160.5 72.7 90.5 8.52 10.9 R
13 156.5 152.5 152.5 75.5 81.0 9.52 12.7 D
14 150.8 148.0 147.0 76.2 74.6 10.33 13.5 E 0
15 138.4 134.0 134.0 72.9 65.5 11.77 17.1 0 ¥
16
17
77C>.5
126.0
122.2
121.5
118.0
121.5
118.0
73.3
74.7
52,7
47.5
14.62
16.21
23.1
25,7
c
E
N
S
18 112.5 113.5 112.5 74.2 38.2 20.15 29.5 N T
19 109.5 106,0 105.0 71.6 37.9 20,32 29.5 T T R
20 102.8 99.8 98 .8 71.5 31.3 24.65 39.1 TJ R E
21 \t 99.5 95.5 95.0 67.7 31.8 24.22 34.8 R I A
22
/
7<
>
V
>4
!
97.8 93.2 93.0 64.2 33.5 22.8 35.0 B C M
23 107.5 105.0 104.8 65.8 41.7 18.32 25.6 U
24
/\
116.0 111.0 111.0 66.4 49.6 15.53 21.2 ]>
25 770*3 132.8 128.6 128.6 68.4 64.4 11.98 13.9 E
26 129.2 124.0 124.0 72.5 56,7 13.59 17.0 N
T
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